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FOREWORD

A parametric study was performed by Goodyear Aerospace Corporation (GAC) of Akron,
Ohio to determine the effects of variations in orbital altitude, lens radius of curvature, and
lens included angle on the physical characteristics and performance of advanced gravity-
gradient stabilized lenticular satellite configurations. The study was accomplished in three
parts: design and structural analysis, stabilization analysis, and initial capture analysis.
This work was conducted as Amendment No. 8 of Contract NAS 1-3114 from May 15 through
September 1965. The technical objective was to provide parametric design and performance
information to help define the lenticular satellite system once a payload weight and orbital
altitude are established.

The work was administered by the Applied Materials and Physics Division of Langley
Research Center with Mr. D.C. Grana from the Spacecraft Applications Section acting as
Project Engineer. F.J. Stimler of the Space Systems and Analytics Division was the GAC
Project Engineer. The work was conducted as a cooperative effort by personnel from several
divisions within GAC for the various specialties listed below:

Design H.W. Barrett

Structural Analysis E. Rottmayer and J.D. Marketos
Stabilization Analysis A.C. Buxton, K.Losch, and J. Nedelk
Computer Program D. Rohner

Capture Analysis A.C. Buxton

Planning H.T. Stewart

Contract Administration A.F. Tinker

Monthly technical review meetings were held between cognizant LRC and GAC personnel
to direct the parametric effort, resolve problem areas, and develop curves and data facilita-
ting prediction of overall satellite design and performance characteristics compatible with
future system studies.







SUMMARY

Parametric analyses were conducted on advanced gravity-gradient stabilized lenticular
satellite configurations to determine the effects of variations in orbital altitude, radius of
curvature of the rf reflecting lens, and lens included angle on satellite physical characteris-
tics and performance. Detailed information is presented on equation development, assump-
tions, mode, and choice of constants or design factors utilized in the study either in the body
of the report or in the appendixes. Summary charts and curves are presented in a form suit-
able for lenticular satellite system studies.

The program studies were accomplished in three parts: (1) design and structural an-
alysis, (2) stabilization analysis, and (3) initial capture analysis. Physical characteristics
of the lenticular lens were determined for four materials considered representative of the
various types of lens structural materials. Type I is an aluminum-Mylar sandwich material.
Type II is a woven-wire/ cast photolyzable film using copper wire. Types III and IV are fila-
ment-wound wire/photolyzable film materials using aluminum wire, 96% reflective at 8000
and 800 Mc respectively.

Detailed structural and physical proper-
ties determined for these four materials in- z (Yaw)
cluded material definition, minimum gages
anticipated, buckling characteristics, mater-
ial unit weight, rigidization pressure require-
ments,and microwave frequency requirements
of wire spacing, where applicable. For all
four materials, summary curves of lens unit
weight and lens rigidization pressure are pre-
sented as a function of lens radius of curvature,
with the effects of minimum gages incorporated.

The lens radius of curvature was investigated

for a range of 100 to 10 000 feet. The lens

included half-angle (see sketch) was investi- Poie
gated for a range of 80 to 56° to simulate com- * (Rell)
plete earth rf coverage from 1000 to 19 300

n.mi. (synchronous) altitudes.

y (Pitch)

o = lens radius of curvature
¢ = lens included hall angle

100 £ p S10 000
802 9 X560

The weights and moments of inertia data
of the lens, torus, inflation system, and can-
ister were utilized to predict the total satellite
physical characteristics for a constant value of
the ratio of roll to yaw moment of inertia (Ix - /Iy - z = 5.75). Five typical configurations
were analyzed in detail to illustrate the design procedure, and to verify the scaling param-
eters. The five configurations analyzed are as follows:

(1) Configuration A - Orbit altitude, 19 300 n.mi. (synchronous). Lens included
angle, 21° 18'. Lens radius of curvature, 1280 ft.

(2) Configuration B - Orbit altitude, 19 300 n.mi. (synchronous). Lens included
angle, 2190 18'. Lens radius of curvature, 438 ft.

(3) Configuration C - Orbit altitude, 2000 n.mi. Lens included angle, 84°. Lens
radius of curvature, 438 ft.




(4) Configuration D - Orbit altitude, 2000 n.mi. Lens included angle, 84°. Lens
radius of curvature, 747 ft.

(5) Configuration E - Orbit altitude, 6000 n.mi. Lens included angle, 47° 12'.
Lens radius of curvature, 600 ft.

These configurations represent the lightest and heaviest satellite configurations obtained
for the synchronous and 2000 n. mi. orbit altitude conditions. The 6000 n.mi. satellite con-
figuration represents a median point for additional considerations. The satellite total weights
are presented in terms of lens radius of curvature and lens included half-angle.

The transient and steady-state performance of the satellite stabilization system was
analyzed. An Ames X system, consisting of a damper boom and a fixed boom for effecting
satellite yaw position control, was attached to the space-side apex point of the tetrapod boom
system. The opposite apex point contained inflation system and miscellaneous control equip-
ment. The equation of motion of the stabilization system was derived and then solved both by
analog and digital computer simulation. Parametric studies of the damper system were con-
ducted to effectively establish the fixed boom characteristics and the included angle between
these booms for optimum performance. Steady-state performance resulting from the effects
of solar pressure and orbital eccentricity derived torques were determined for the five con-
figurations defined earlier.

Program results indicate that the stabilization system provides generally the necessary
transient damping capability and steady-state accuracy for a weight allowance of approximately
10 percent of the total satellite weight for the altitudes under consideration in this study.

Several subsystems for ensuring upright capture of the lenticular satellite in the gravity-
gradient centrifugal force field were evaluated. It is necessary that the satellite and its stabi-
lization system have sufficient structural integrity to endure the stresses caused by initial
tumbling rates which have been estimated to be as high as five times orbital rate. Although
no simple passive means are available to counteract the tumbling problem, a '"repeated flip
system'' is recommended as a solution to the initial capture problem. A pair of beacons and
a pair of attitude tumbling jets located at the canister positions are utilized to invert the satel-
lite through ground control as the need arises. Continued flip operations are applied until the
satellite is right side up. The other systems under consideration were considered too heavy
or complex for the passive satellite under study here.

vi
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INTRODUCTION

The results of earlier feasibility and design effort on gravity-gradient stabilized lentic-
ular satellites also conducted under Contract NAS 1-3114 were used as a basis and guide in
the present parametric study (refs. 1 and 2). The primary components of this lenticular satel-
lite system are shown schematically in figure 1. The expandable satellite is packaged in a
canister during payload ascent and orbital placement. During satellite deployment and infla-
tion the canister halves and attached hardware are extended by inflatable booms and serve as
fixed weights for the gravity-gradient stabilization system. The torus serves as a deployment
mechanism for the rim and lens caps, and also provides system stiffness while the lens caps
become rigidized through controlled yielding of the photolyzable film/wire grid surfaces. The
rim serves as the attachment point for the two lens caps and booms. The damping system is
attached to the space-side canister half. The earth-side canister half provides the mounting
interface of the inflation system and miscellaneous controls. Once operational, the torus
(shown dotted in fig. 1) and lens film surfaces disappear through photolysis action.

An Ames X-type damper system provides both damping of satellite librations and
yaw control for solar sailing. The weights at the apex of the tetrapod booms are posi-
tioned to control the satellite pitch and roll moments of inertia, while the yaw moment
of inertia is primarily dependent on the lens, rim, and torus components of the satel-
lite.

The lenticular-shaped structure by itself possesses an inappropriate mass distribution in
the gravity-gradient field. The mass distribution of the lenticular structure must be aug-
mented so that the resultant mass distribution approaches that of a dumbbell with the optical
axis of the lenticule coincident with the principal axis of the dumbbell having the minimum
moment of inertia. The dumbbell mass distribution is achieved efficiently by the attachment
of the tetrapod booms and canister. An optimum mass distribution provides gravity-gradient
restoring torques and moments of inertia axes such that the resultant torque-to-inertia ratios
correspond to desirable natural frequencies of all modes of satellite libration. These natural
frequencies should preferably be remote from the frequencies associated with the attitude dis-
turbances due to solar pressure and orbital eccentricity. Solar pressure torques have fixed
steady components as well as sinusoidally varying components at frequencies of one and two
times orbital frequency. Orbital eccentricity effectively produces a perturbing torque which
is periodic - once per orbit. The mass distribution must therefore provide sufficient gravity-
gradient stiffness to offset steady bias torques with acceptably low resultant hang-off error.
as well as a set of natural libration frequencies that are remote from one and two times orbital
frequency.

Figure 2 generally defines the key terms and symbols of a typical lenticular satellite
system as used in the design and structural analysis effort. Figure 3 is a plot of satellite
orbital frequency as a function of orbital altitude above the earth. The synchronous altitude
characteristics of 19 300 n.mi. altitude and 7.272 x 10-5 radians/sec orbital frequency are
pinpointed.

Table 1 shows the lenticular lens included angle necessary for horizon-to-horizon cover-
age for altitudes from 1000 n.mi. to synchronous orbit altitude for ground antenna elevation
angles of zero and five degrees. All the parametric data of this report consider horizon-to-
horizon coverage to mean using five degrees as the minimum ground antenna elevation angle
for definition of lens lenticular angle, 6 (fig. 4). To ensure complete horizon-to-horizon
coverage it becomes necessary to make the lenticular angle larger to account for the stabiliza-
tion system error. A design objective of stabilization system error as a function of altitude
is shown in figure 4. Therefore, to determine the desired lenticular lens angle, all conditions



of coverage and stabilization error must be included. For example, the lenticular angle of the lens
must be approximately 84 degrees for a satellite to give full earth coverage at 2000n.mi. orbit under
the conditions just established, while a satellite at synchronous orbit should have a lenticular angle

of 19.5 degrees.

For complete communications coverage, the satellite size increases markedly for
a given rf capability (function of p) at the lower altitudes (see fig. 5). For this reason
higher orbit altitudes are recommended as feasible for complete coverage by fewer satel-
lites. At lower altitudes it is quite likely that multiple satellite systems would be re-

quired.

The range of radius of curvature (p) and lens included angle (8) chosen for the para-
metric study are representative. The report is meant to provide basic information for the
overall satellite unit, and in no way predicts optimum satellite usage for a communication

system.

SYMBOLS
a with subscripts from 1 to 6 I,_, satellite moment of inertia
represents various constant about yaw axis
coefficients defined in the text
Ip damper boom
B viscous damper coefficient,
lb-sec/rad Ip fixed boom
B" normalized viscous gamper I aximum ent of i tia of
coefficient, B/Ipwy max m M moment of ihertia o
a damping boom
d wire diameter I'y combined mass moment of in-
D flexural stiffness, EL/(1 - #2); er‘Fla (zf letnilind rim about z-
also, in stabilization analysis, axis ol satellite
Ip/1
D/ lx-x k with a subscript, strength-to-
E modulus of elasticity weight ratio; without subscript,
a constant
F Ip/Ix-x
h without subscript, the tetrapod K extensional stiffness, EA; also
height; with subscript, height in spring deflection coefficient,
general Ib/rad
I mass moment of inertia, or K" normalized spring deflection co-
monr.lent of inertia of‘ a cross efficient, K/ID‘UOZ
section about centroidal axis
Ix-x satellite moment of inertia about 4 length
roll axis (including damper
boom weights) L length of boom measured from
tip to tetrapod apex, ft
Iy_y satellite moment of inertia about P P Pex,
gltCh axis (including damper m gas atomic weight; mass per
- oom weights) unit area



Per

x’Y’Z

Ly-y - Ixx

inflation pressure
buckling pressure

without subscript, the radius of
the torus meridional section; with
subscript, radius in general

reflective efficiency
rim radius

wire spacing
thickness
temperature Rankine

torques acting about the gener-
alized coordinates ¢, 6, ¢ re-
spectively

normalized torques acting about
the generalized coordinates ¢,
6, ¥ respectively

volume
volume per unit area
weight per unit area

weight in general; also complete
weight of one boom, 2(W{ + W),
Ib

weight of damper system (both
booms), 1b

weight of damper boom rod
over length L, 1b

weight of complete satellite
damper system, lb

weight of each tip mass located
at each boom end, 1b

coordinate axes in general,
identified along the roll, pitch,
and yaw axes respectively of
the satellite

lens radius of curvature
orbital eccentricity

density

= F

Ix-x

lens central half angle

d’Dy OD

¥ss

w

“9

Subscripts

B

C

angular degree of freedom of
damping boom

Euler angle sequence about
pitch (y), roll (x), and yaw (z)
axes

Poisson's ratio
angle locating damping boom

with respect to complete damp-
er; satellite principal roll axis

angle locating fixed boom with
respect to complete damper;
satellite principal roll axis

angle between fixed and damp-
ing booms

Euler angle sequence locating
damper system booms with re-
spect to satellite axes

angle between satellite-damper
system principal roll axis and
orbital velocity vector (Ygg =7)

angular velocity

orbital frequency, rad/sec

bottle or tetrapod boom

canister or core (referring to
sandwich material)

face (referring to sandwich
material)

inflation system

lens

rim

torus

entire satellite

combination of lens, torus, in-
flation system, and canister

referring to roll, pitch, and
yaw respectively




DESIGN AND STRUCTURAL ANALYSIS

General

The principal objective of this study was to establish the weights, moments of inertia,
and major dimensions of the satellite in a manner suitable for use in a communications system
study. The two important microwave parameters for a system study are the radius of curva-
ture of the lens (p), and the included angle (). In view of this, the analysis was developed so
that the weights, inertia, and major dimensions canbe established once p and 6 are specified.

The feasibility of accomplishing this was based upon previous lenticular satellite feasi-
bility studies (refs.1 and 2). Tt was found that for 2000 n. mi., the major portion of the weight
(78.5 percent) consisted of the sum of the weights of the lens, torus, canister, and inflation
system components, which can easily be determined once the materials of construction are se-
lected. The remaining weight (21. 5 percent) consists of booms, rim, and damping,.system
which are not easily scaled in terms of p and §. The approach selected was to determine the
major weight and polar moment of inertia (lens, torus, canister, and inflation system) in a
general form and then by specific, detailed designs establish a relationship between the total
satellite weight and the major components listed above.

The equations were developed in a general form stating the assumptions used. These
were then applied to several lens materials to determine the weights and polar moments of
inertia of the pressure-dependent items (lens, torus, canister, and inflation system) which
contribute to the major portion of the weight. Curves of weight and polar moment of inertia
were plotted as functions of p and 6 for the four lens materials selected.

Five specific designs were then developed using a filament-wound wire/photolyzable film
lens material {(material III). A wide range of lens radius of curvature and orbital altitude (or
lens angle assuming full coverage) was used in order to determine the ratio of total weight to
the pressure-dependent weight, within a more realistic range. This ratio was found to be a
function of orbital altitude and satellite diameter that is usually small but increases rapidly
for low altitude and large diameter. For lower altitudes, 6000 n. mi. and less, it is recom-
mended that the equations developed herein, rather than the scaling ratio, be used to deter-
mine the weight of the rim, booms, and damping system.

Detail formula development, typical calculations, and working data are included in the
appendixes so that other satellite materials can be compared with those selected for this
study. Complete data is included to enable these comparisons to be made using the same
assumptions, factors, and design philosophy as were used in this study. State-of-the-art
fabrication techniques and previous test experience were most helpful in presenting a realis-
tic design and structural approach during the study. No attempt was made to optimize the
choice of materials for the satellite. However, the four lens materials chosen provide good
basic design data and serve as a point of departure for later satellite analyses.

Lens Material Considerations

General. - Representative materials considered for the lens are (1) laminate and (2)
wire grid materials. The objective of this design and structural analysis was to determine
the unit weight of lens material and rigidization pressure as a function of radius of curvature
for the four types of material under consideration, subject to the constraints of buckling
pressure, microwave frequency, minimum gages, and material properties. The four types of



materials, which are described in detail in_appendix A, are as follows:

Type Description Physical Data

I Aluminum-Mylar sandwich — Alum. (t, thickness)
—~~~— Mylar (2t, thickness)
——— Alum. (t, thickness)

II Woven wire/ cast photolyzable film Copper wire, 21 x 21 mesh
1/2-mil photolyzable film

111 Filament-wound wire/photolyzable film Al wire, square grid
96% reflective at 8000 Mc
1/2-mil photolyzable film

v Filament~-wound wire/photolyzable film Al wire, square grid
96% reflective at 800 Mc
1/2-mil photolyzable film

Buckling pressure. - For all materials it was assumed that the solar pressure is
1.3 x 10-9 psi and the buckling constant is 0.28 or 23.3 percent of 1.2, which is the classical
buckling constant (ref. 3, page 517, eq. 11-31 for v = 0.3).

Microwave frequency. - The microwave frequency introduces a constraint on the wire
spacing. s. and the wire diameter, d, for wire-grid lens materials. This problem was in-
vestigated in reference 4, and it was found that the minimum wire weight was obtained at a
microwave reflective efficiency of about 96 percent. Therefore, for the present study an effi-
ciency of 96 percent is used. Two microwave frequencies were selected, 800 and 8000 Mc;
these are somewhat arbitrary, but do cover the range of microwave frequency of primary in-
terest and demonstrate the effect of this parameter on the satellite weight.

Radius of curvature. - The radius of curvature range was from 100 ft to 10 000 ft.

Minimum gages and material properties. - The material pl:operties and minimum gages
for each material are tabulated in appendix A.

Weights and Moments of Inertia

General. - Surface areas, volumes, and moments of inertia of the lens and torus were
used in deriving the equations of weights and moments of inertia. General expressions for
these quantities are given in tabular form in appendix B. Other quantities employed in the
derivation of equations are the unit weight of lens and torus material, rigidization pressure,
and material volume of lens and torus. This data is tabulated in appendix C for all four lens
materials. The minimum material gages (film and aluminum thickness and wire diameter)
were used to establish the necessary modifications in the equations for unit lens weight, etc,
as shown in the table in appendix C. However, in the computer program for the numerical
calculation of weights and moments of inertia, presented in appendix D, minimum gages were
disregarded.

Basic assumptions. - In deriving the weight and moment of inertia equations for the
various components of the satellite the following assumptions were employed:




1)
)
3)

“)

Factor of safety on torus pressure, a; = 1.25
Factor of safety on torus strength, ag = 1.25

Ratio of radius of torus cross section to the radius of rim, r/R = 0.02927 (the
same as in the configuration described in ref. 1)

Factor applied to the combined gas and bottle weight to account for the total weight
of the inflation system, ag = 1.12

Gas bottle safety factor, ag = 2.0
Gas leak and reserve factor, ag = 2.5

Packaging factor, ag = 5.0 (ratio of canister volume to the molten volume of
lens and torus and the anticipated volumes of rim and tetrapod booms)

Factor applied on the idealized spherical canister weight to account for the actual
canister (flanges, bolts, etc), based on Echo I, ay = 2.5

Density of canister material, yo = 0.065 lb/in. 3 (magnesium)

(10) Density of torus material, yp = 0.038 lb/in. 3 (photolyzable film)
F
(11) Strength-to-weight ratio of torus material, kp = TT_ = 0.26 x 105 in.
T
(12) Strength-to-weight ratio of gas bottle material, kg = 1.8 x 106 in.
(13) Modulus of elasticity of canister material, E = 6.5 x 106 psi
(14) Inflation gas atomic weight, m = 4 (helium)
(15) Gas temperature, T = 530° Rankine.
Lens. -
Weight: Wy = 47p2 (1 - cos 6) wy, Ib (1)

Moment of inertia about the roll or pitch axis:

IL, (xory) 3

2 1rp4 my (1- cos 0)2 (4 - cos 6)

0.014544p4wL (1-cos6)2(4-cos6) Ib-ft2 @)

Moment of inertia about the yaw axis:

4 4 ) 2
IL,z 3P "myp (1 -cos6)(2+cosé)

0.029089p%wy (1 - cos 6)2 (2 + cos 0) 1lb-ft 3)



In the above equations, p is measured in inches and wr in lb/inz.

Torus. -
Weight:
Basic equations:
>
~
D 2 (pLP) .
E q=2{-5-) cos6 = pypcose 4)
o>
2]
"g ajqR = anr2 (5)
'5: (wrinkling criterion)
i P F
23‘ (2 +%) - aT (6)
T 2

(strength criterion)

Assume that for all satellite configurations (regardless of absolute sizes of p and 8), the
radii r and R are related by equation

r = 0.02927 R, (7

which corresponds to the 2000 n. mi. configuration described in reference 1. Solving equa-
tion (5) for pp, noting that R = p sin g, and taking equatjons (4) and (7) into account, results
in :

Pp = 371.5 ay P, cot 6. (8)

The torus thickness, tT’ from equation (6), is

tT = 11.033 aja,p; p COS G/FT. 9)

Then the weight of the torus is

WT = 2mr.-2n (R +r)t

T?T
_13.123 3
T T kp v

sin2 6 cos & 1b. (10)

It should be noted that the in-plane or out-of-plane buckling criteria for a torus ( eq. 3, page
107, ref. 1) has not been considered here, because in all previous tests the torus has showed
no signs of collapse, even at lens pressures almost twice that theoretically required to col-
lapse the torus.

Moment of inertia about the roll or pitch axis:

DY (R+r) mT[(}}*' 1)2 +_5_]

IT, (x ory) 2

0.004384 pr4 sin?6  1b-ft2 (11)



Moment of inertia about the yaw axis:

2
_ 23 R 3
IT,z = 47°r (R+r)mT[<—r—+1) +2]
= 0.008761 wp.p” sin®6  lb-ft? (12)
In equations (11) and (12) the quantities p and wr are measured in inches ;mdalb, in. 2 respec-

tively. (For values of w,, see appendix C.)

T

Inflation system. - Deployment is effected by helium gas inflation with the torus and
booms inflated first, and then the lens. The torus remains pressurized during lens inflation.
The inflation system consists of the inflation gas required to inflate lens and torus, the bottle
containing the gas, and some hardware (valves, batteries, and other electronic equipment).
The weight of the inflation system can be written in the form

Wp = a3 Wg + Wp). (13)
mpV 3 a4
Noting that W = “1852T and Wy =5 pvV 4,
B

equation (13) becomes

m 3a4 '

Wy = a3pv<18540T Yk, ) (14)
but

pV = ag (pTVT + pLVL),

3 2

VL = %—ﬂp (1 -cos8) (2 + cos 8)

Vi = mr2.27 (R+r1) = 0.01741p3 sin3 6 .
Substituting the last three equations and the numerical values m = 4 {for helium) and

T = 5300 Rankine in equation (14), and simplifying, results in

a
W. = a.a_ (10°6) {0.4071 +1.5x106—4- p p3 6.468 a. cos 6 sin29 +
I 375 kB L 1

2.0944 (1 - cos 6)% (2 + cos 9)]. (15)

Because for the operational satellite the entire weight of the inflation system (minus a neg-
ligibly small part corresponding to the inflation gas) is located at the apex of the lower tetra-
pod, the roll and pitch moments of inertia can be readily determined as a point mass moment
of inertia, and the yaw moment of inertia can be neglected.



Canister. -

Weight: The canister must be large enough to contain the lens, torus, rim, and tetra-
pod booms in the packaged condition. The stabilization system (De Havilland-type damper and
fixed booms) and the inflation system are attached on the outside of the canister. The major
items contained in the canister are the lens and the torus. Previous packaging experience
with structures consisting of wire-film or plain film material shows that the volume of the
container must be three to four times the molten volume of the packaged structure. However,
in the present parametric analysis, only the lens and torus volumes of the packaged structure
are known. The determination of rim and tetrapod boom sizes requires a detailed analysis,
as discussed in a later section of this report. For the purpose of determining the volume of
the canister in this parametric study, the rim and tetrapod booms have been taken into account
by considering a factor ag = 5 applied to the molten volume of the lens and torus.

The shape of the canister was assumed to be spherical, and its wall thickness was taken
to withstand a uniform pressure of five atmospheres, i.e., about 75 psi. With these assump-
tions the following equations can be written.

t 2
p =175 = 0.6E (—C) (16)
cr a

The coefficient 0.6 in this equation, along with the five-atmospheric values for Peyps is in line
with the design of the Echo I canister.

Torus molten volume,
w

_ T _ 13.123 3 . 2
Vm,T = T T vk 212gPpe” sin 6 cos 6. (17)
T
Lens molten volume,
= 21
Vm’ L = 47 (1-rcos?9) Vi, (18)

Combined molten volume of lens and torus material, N

_13.123

L,T k

3 . 2 2 _
L, = — ajaspp p” sin 6cos 9 + 4mp< (1 cosO)vL. (19)

\%
m

Hence, the volume of the canister is a6Vm L. T’ and its radius, a, is given by equation_
b b

. 1/3
4 = 38'GVm, L, T (20)
- 47

Solving equation (16) for tC results in

_a\/128
te =2\ - (21)

Then the weight of the canister is

_ 2
WC = 4ma tC"Ca'Z' (22)



Substituting equations (19), (20), and (21) into equation (22} and simplifying yields

_ 125 113.123 3 .2 24 _
WC = 3216a,7 yc\,——-E [—_—RT"T a,a,p; P sin 8cos 8 +471p“ (1 - cos O)VL] (23)
Volume: The canister volume, V. = a,6Vm L. T’ can be found from equations (19) and
b I

(23). Combining these equations results in

We
. (24)

Vo = 125
C 3a7 14e =

For ay = 2.5, Yo = 0.065 lb/in.3 and E = 6.5 x 108 (magnesium), equation (24) yields

3 .
VC = 0,2707 WC ft (WC in pounds) (25)

Summary. - The results of the preceding discussion have been applied to all four satel-
lite types categorized by lens materials I through IV and summarized in Table 2. For each
lens material the following ten quantities were calculated:

(1) lens weight

(2) torus weight

(3) inflation system weight

(4) canister weight

(5) combined weight of the previous four components

(6) canister volume

(7) combined mass moment of inertia about the yaw axis of unphotolyzed lens and torus

(8) combined mass moment of inertia about the pitch or roll axis of unphotolyzed lens
and torus

(9) yaw mass moment of inertia of photolyzed lens

(10) pitch or roll mass moment of inertia of photolyzed lens

The two independent variables were the lens radius of curvature, p, and the lens central
hali-angle, 6§ . From considerations of altitude, coverage, and information capacity of the
satellite, the range for the lens radius of curvature for this parametric study was taken be-
tween 100 ft and 10 000 ft, and the central half angle from 8 degrees to 56 degrees. The nu-
merical results are given in tabular form and shown graphically in appendix D.

Configuration Analysis

General. - The combined weight Wp of the lens, torus, inflation system, and canister
is a large percent of the total weight, Wy, of the satellite. Additional components are the
tetrapod booms, the rim, and the stabilization system. Previous studies (refs.1 and 2) on
specific configurations have shown that the weight of the first four components is more than
70 percent of the satellite total weight. Since the weights of these four components have been
established parametrically in the previous discussion of weights and moments of inertia, it is
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desirable to determine a constant or functional (function of p and #) coefficient by means of
which the total weight of the satellite can be found when the combined weight of the lens, torus,
inflation system, and canister is known. Figures 6, 7, and 8 plot the weights, WTp, for
materials I, III, and IV respectively against the variables p and 6. These figures were
cross-plotted from data in appendix D (figs. D5, D25, and D35). A cross-plot for mater-
ial I (see fig. D15 in appendix D) has not been included because weight comparison of the
four lens materials (table D1) shows that this material is considerably heavier than the other
three materials.

In figure 6 the three lines tMyjar = 0.05 mil, etc indicate the lens radii of curvature
for which the indicated Mylar thickness would be adequate. These thicknesses are supposedly
minimum gages. (However, present state of the art is tpy1ar = 0.15 mil). To the left of
each of the three lines the weight curves should be modified because of the constant material
gage up to the particular value of p corresponding to this gage. Similar lines are shown in
figures 7 and 8, which indicate assumed minimum aluminum wire diameters.

Configuration determination. - Since material IIl is the lightest of all four lens mater-
ials considered in this report, figure 7 was chosen as a typical case to determine the functional
coefficient for the ratio Wpp/WTp within a practical range of 6 and p values. To establish
such a range, an upper and a lower limit were determined as follows. The payload capability
of a typical booster at various altitudes for full coverage was plotted in figure 9 as curve
No. 1. Assuming an average ratio of W rp/Wop equal to 1.35, curve No. 2 was plotted, rep-
resenting the upper weight limit. As a lower limit a minimum wire gage of one mil was se-
lected. The lens radius of curvature was determined from the equation

p = 6.884s/e0'22575/sl x 108 in.

where s, wire spacing, and d, wire diameter, are related by equation

d = (s/m)/e0 1505/5

for a microwave reflective efficiency of 96 percent at a frequency of 8000 Mc. This gives

p = 438 ft, and determines line No. 3 in figure 9. Points A] B, C, and D were then deter-
mined from curves No. 1, 2, and 3. Two of these points are at synchronous orbit altitude
and two at 2000 n. mi. A fifth point, E, was chosen arbitrarily at about the center of this
area. The considered points are as follows:

Point A: p = 1280 ft, & = 10° 39' (19 300 n.mi. - synchronous)
Point B: p = 438 1ft, 6 = 100 39' (19 300 n.mi. - synchronous)
Point C: p = 438 ft, 6 = 42° (2000 n.mi.)

Point D: p = 747 ft, 6 = 42° (2000 n.mi.)

Point E: p = 600ft, 6 = 239 36' (6000 n.mi.)

As has been mentioned, the main satellite components that contribute significantly to
the weight and have not yet been considered in this parametric analysis are the rim, the tetra-
pod booms, and the stabilization system. Because the structural integrity of these compo-
nents cannot be checked without knowing the final satellite configuration in order to determine
gravity gradient and other inertia loads, some criteria must be established in selecting these
components. Available weight to be placed at the apices of the tetrapods comes from the
canister and almost the entire inflation system (all except the negligibly small weight of the
escaping gas). This weight is divided so that the entire inflation system and 55 percent of the
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canister are placed at the apex of the lower tetrapod; the remaining 45 percent of the canister
is located at the upper tetrapod apex, along with the stabilization system (Ames damper),
which for equal tetrapod heights should be equal to the balance; i.e., equal to the inflation
system weight plus 10 percent of the canister weight. If more weight is required for the
stabilization system, an amount equal to the additional weight could be placed at the lower
tetrapod apex as dummy weight, or the tetrapods could be made with unequal heights.

For the rim it was thought that a maximum out-of-plane deflection of 1 percent of the
rim diameter would be an adequate design criterion. This, as shown in appendix E, leads
to the following equations for the dimensions, weight, and mass moment of inertia of the rim
(beryllium-copper with tg = 0.00025hR)-

4

hg = 0.1461\/w2h2Rw inch (26)

Wp = 13.18 Rhptp (0.297) = 3.9 Rhptp Ib @27
_ 1 _ 3 -6 qp_in 2 '
IX’R =5 L 5 = 10.4290R hv WR x_10 1b-in. (28)

2

where W is the combined weight of canister, inflation system, and stabilization system
(pounds).

Neglecting the mass moments of inertia of the tetrapod booms, and considering the sta-
bilization system as a point mass concentrated at the apex of the upper tetrapod, the height,
h, can be determined from the following equation:

Ix.x/1z-5 = constant

where Ix is the combined x-moment of inertia of photolyzed lens, rim (eq. 28), and all point
masses at the tetrapod apices (inflation system, canister, and stabilization system); and I, is
the z-moment of inertia of photolyzed lens and rim. The constant on the right-hand side of
the above equation is a number large enough to satisfy stabilization considerations. In this
report the value 5,75 was used for all configurations.

The criterion for determination of the tetrapod boom size and weight is that the angle
of twist should not exceed 5 degrees. The boom radius, rg, can be determined from the
equation

2711
S 3 [ I
rg = 3.946 x 10‘6<—B—> B2 (ref. appendix E), (29)
B

4z

where sp and dpg are respectively the axial wire spacing and wire diameter of the booms, ZB
the tetrapod boom length, and I,' the combined yaw moment of inertia of lens and rim. The
spacing of the hoop wires in the booms is sg/2 for equal stress under rigidization pressure,
and both sets of wires are sandwiched within two 0.25-mil layers of Mylar.

It should be noted that for a constant sg/dpg ratio the wire diameter, dg, can be opti-

mized for minimum boom weight. Thus, the boom weight per unit length (inch) can be written
as follows:
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2
wg = 2mrp [0.0005 x0.05 + 37 & x 0.1].

or taking equation (2.9) into account, and letting sg/dg = 50, the unit weight equation becomes

wg = |25 x 107 ag" V3 + 0.004712 ap¥?]

where C is a constant. Solving equation dwg/d(dg) = O for dg yields dg = 2.66 mils. For

the purpose of the present study the wire diameter was taken as dp = 2.5 mils, and the axial
wire spacing sg = 50 x 2.5 mils = 0.125 in. Equation (29) was thus reduced to

7
3052 1
rp = 0.0014537\/2—% in. (30)

The preceding discussion was applied to the five configurations indicated in figure 9.
The values of Wy, Wrp are given below for the corresponding points (configurations) and
altitudes.

Configuration Altitude Wrp/Wrp
A 19 300 n.mi. (syn) 1.206
B 19 300 n.mi. (syn) 1.134
C 2 000 n.mi. 1.34
D 2 000 n.mi. 3.50
E 6 000 n.mi. 1.264

The value 3. 50 appears to be excessively high, and corresponds to a relatively low alti-
tude and an extremely large satellite. Values of the ratio Wpr/Wp for partial coverage can
be found by determining the weight of the rim and tetrapod booms by using the derived equa-
tions.

Example. - The following example shows how the preceding method can be used to deter-
mine the weight and moments of inertia of the various components of the lenticular satellite.

Determine the size, weights, and moments of inertia of the various components of a
full-coverage lenticular satellite, orbiting at an altitude of 6000 n.mi., using lens material
ITI, a lens radius of curvature, p,of 600 ft, and a central half angle, 6,of 23.6° (including
the anticipated stabilization system error).

Solving equations

_ 6.884 s x 106 inch. d = s/7
P = 750.22575/s 0 T 0.1505/s

by trial and error for s and d, the following values are obtained:

s = 0.0566 inch
d = 0.00125 inch
sine = 0.40035
cos 6 = 0.91636.

13



14

Rim radius: R = p sin 6 = 600 x 0.40035 = 240.21 ft = 2883 inches

Lens weight (see table 2):

o e _ %1 _ 1.5625 ) -6
(a) With film: WL = 12.566 (7200)4(1 - 0.91636) (0. 1571 X—O.0566 +19) x10
= 1271.51b
. ’ 4.337
i W = . —_—_ = .
(b) Without film L 1271.5 x 23,337 236.31b

2
0.0022849 (7200)% 01‘025566 x 1076 (0.08364)2 (3.08364)

(c) L (no film)

3.6567 x 106 1b-ft2

1.252

-6 2
0.0566 X 1077 (0.08364)° (2.91636)

0.004570 (7200)4 x

(d) I (no film)

6.9167 x 108 1b-£t2

Torus weight:

_ (7200)2(0.00125)2 2 )
W = 0.49548 x S O55E (0.40035)2 (0.91636) = 104.1 lb.

Inflation system weight:

2 2
W = 0.21856 x (7200()) (gs'é)é)l%) (1 -0.91636) (0.916362 + 0.91636 + 0. 69923)

It

64.2 lb.

Canister weight:

2 .
W = 0.13432 (7200)2 [1.0376 x 200125 1 0.400352 x 0.91636 + 0.0005 (1 - 0.91636)

0.0566 ]

+ 0.1591 (1 - 0.91636) 0.301/0.0566 | - 346.1 1b.
Y- .

Weights at tetrapod apices:

(a) Lower tetrapod
100 percent of inflation system 64.2 1b

55 percent of canister 190.4

Total 254.6 1b
(b) Upper tetrapod

45 percent of canister 155.7 1b

Stabilization system (balance) 98.9

Total 254.6 1b



Determination of h:

I, = 3.6567 x 106 + 10.429wR3h x 10-6 VWR/12 + (2 x 254.6) h2 I1b-ft2
I, = 6.9167 x 106 + 2 x 10.429wR3h /WR x 10-6/12 1b-£t2

where R is in inches and h in feet,

w = 0.00027304 rad/sec, W = 2x254,.6 = 509.21b.

Substituting numerical values, and solving equation IX/Z(Z = 5.75 for hyields h = 346.6 ft =
4159 inches.

Rim size, weight, etc: (see eqs. 26, 27, 28)

4
0.1461 J(0.00027304)2 (2883) (509. 2) (4159)2

hr = = 5.10 inches
tg = 0.00025x4.80 = 0.00128 in. = 1.3 mils
WRr = 3.9 (2883) (5.1) (0.0013) = 74.51b

I, R = % I, R = 74.5 x (240.21)2(%) = 2.1494 x 108 1b-ft2

Tetrapod booms (see eq 30):

/g = (28832 + 41592)1/2 _ 5060.5 inches

I = (6.9167 + 2 x 2.3877) x 108 = 11.6921 x 106 1b-1t2

3 6 6 3
rg - 0.0014537\/25'609ﬂ° * 10921 x 107 x 142 _ 14,537 /10.367 = 31.71in,

Weight of both tetrapods:

Wg = 8 (27rg)/pwp, where wp is the boom weight per sq in. or wg = 0.0005 x 0.05
+H3(£1T x 0.00252 (0.1) = 25 x 10-6 + 11.78 x 10-6 = 36. 78 x 10-6 1b/in. 2 and

Wg = 1.8488rgdg x 1073 1b = 243.71b

I B = —YZ—B (R2 + 2n2) = 2237 (5 % 240.212 + 346.62) = 4.7833 x 10° 1b-ft2

L g = SBRZ - 243: 7040 212) - 2 3436 x 106 1b-1t2

z, B 5 & . . X
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Summary of weights and moments of inertia: To summarize, the calculated values of
a full-coverage lenticular satellite orbiting at 6000 n. mi., with a central half angle of 23.69,
lens radius of curvature of 600 ft, rim radius of 240. 21 ft, and tetrapod height of 346.6 ft,

are as follows:

Orbital Satellite _
Launch ,
Component Weight, Weight, 2
p It i Iy (Ib-ft2) I,_, (Ib-ft%)
Lens 1271.5 236.3 3.6567 x 106 6.9167 x 106
Torus 104.1 0
Inflation system 64.2 64.2
Canister 346.1 346.1
Wrp = | 1785.9 646.6 61.1710 x 106 0
Stabilization system, Wg = 98.9 98.9 6
Rim 74.5 74.5 2.1494 x 10 4.2987 x 106
Tetrapod booms 243.7 243.7 4.7833 x 106 2.3436 x 108
Sail (Est)9 52.6 52.6 -—- -—-
Wopp = | 2255.6 |Wg=1116.3 |I = 71.7604 x 106 | I, = 13.5590 x 108
Wrp/WTp = 2255.6/1785.9 = 1.264
Wg/Wo = 98.9/1116.3 = 0.0886 = 9 percent

%The sail weight, Wggi], was found from equation Wggai]/Rh = constant, where the value of
the constant was taken from the configuration described in reference 2 (page 67), in which
Wgail = 221b, R = 133.8 ft, and h = 260. 3 ft.

Summary

The results of the structural design study have indicated that the weights and moments
of inertias of the satellite and its components can be predicted with reasonable accuracy for
low to synchronous altitude applications. Specific configurations were determined for com-
plete rf ground coverage at the altitudes in question. Configurations giving partial coverage,
defined by p and 6, can readily be determined.

Table 3 summarizes the physical and mass characteristics of the five configurations de-
picted in figure 9. These configurations are based on the assumptions that the space-side
apex weight consists of 45 percent of the canister weight plus the stabilization system weight;
the earth-side apex weight consists of the inflation system weight and 55 percent of the canister
weight; and both apex points are equidistant from the plane of the rim. These five configura-
tions were used as the starting point for the transient and steady-state dynamic analyses. The
stabilization analysis includes the moment of inertia effect of the Ames X booms thus requir-
ing an adjustment in h (apex height above rim plane) to maintain the desired satellite inertia
ratios.

The value Wrp/Wrp = 1.264 seems to be a typical average that can be used as a first

approximation on any practical satellite configuration for a quick estimate of the overall weight.
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STABILIZATION ANALYSIS

Introduction

General. - A three-axis gravity-gradient stabilization system with an adjustable steady-
state yaw reference is required for proper attitude control of the lenticular satellite. Figure
10 depicts the three-axis system and the yaw reference drive. The system is essentially a
modified Ames system. Damping of gravity-gradient librations is provided by a single damper
boom with a nominally horizontal pivot axis skewed to the orbital plane. Thus pitch and roil
librations of the satellite directly excite the damper boom. A fixed boom is skewed to the or-
bital plane in an opposite sense to that of the damper boom. The two booms provide yaw axis
gravity-gradient restoring torques; the null yaw reference position is determined by equili-
brium between the yaw restoring torques of the two booms. Both booms are attached to the
yaw reference drive. which provides the necessary adjustment capability to accommodate the
changing solar sail requirements. The reference drive is extremely slow, so that in no case
do the inertial reaction torques overcome the gravity-gradient restoring torques. In order to
achieve satisfactory gravity-gradient stiffness about the yaw axis, the pair of booms must
have a moment of inertia that is commensurate with the yaw axis moment of inertia of the
satellite proper. Adequate pitch and roll gravity-gradient stiffness is ensured by adequate
height of the satellite and the weight of the equipment on the canisters.

Good transient stability and low steady-state forced errors are desirable. In general,
pitch and roll attitude errors penalize satellite weight, because these errors must be traded
off against increased lens angle, as shown in figure 11. If the weight penalty is to be limited
to 25 percent. pitch and roll attitude errors should be less than 5 degrees for low-altitude
lensats. where lens angles are approximately 85°. For synchronous altitude lensats for which
the lens angles are 17 degrees, the pitch and roll errors should perhaps be limited to 2 degrees,
if one assumes an acceptable weight penalty of 50 percent. Transient damping time constants
may be a few orbits in duration.

Orbital position keeping by means of a solar sail requires yaw axis stability with a
steady -state yaw reference adjustment capability to accommodate the effects of orbital pre-
cession and annular earth rotation about the sun which slowly alter the inclination of the sun
line to the orbital plane. It is not required that the ydw reference adjustment capability be
fast enough to offset the relatively short-term effects of orbital velocity in altering the angle
of attack of the solar sail. Adjustments in the yaw reference attitude may be made periodic-
ally (once per month or less). Yaw accuracy requirements are relatively relaxed because the
propulsive forces on the solar sail are relatively insensitive to yaw attitude, and 15 to 20 de-
gree yaw errors appear to be tolerable.

The transient and steady-state performance of the stabilization system was analyzed.
Equations of motion of the stabilization system were derived using the LaGrange method. So-
lutions to the equations of motion were obtained by both analog computer simulation and digital
computers. Transient performance was optimized by the method of steepest descent, which
maximized the transient damping of the least damped mode of satellite motion by optimizing
the damping system spring constants, dashpot constant, and skew angles of the booms for
various size damping system booms. Steady-state forced attitude errors due to the eifects of
orbital eccentricity and solar pressure torques were determined. In general, the results of
the study show that the stabilization system provides the necessary transient damping capabi-
lity and steady-state accuracy, with the weight allowance for the stabilization system held to
10 percent of the total satellite weight for all altitudes from synchronous to 2000 n.mi.
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Stabilization System Considerations. ~ The most significant factors influencing the per-
formance of the gravity gradient stabilization system are:

(1) The damping capability of the Ames damping system which determines the
transient stability of the various modes of satellite libration in the gravity-
gradient field.

(2) The steady-state error sensitivity of the satellite to perturbing torques due
to solar pressure and the effects of orbital eccentricity.

The transient stability of the satellite is determined by the effectiveness of the Ames
gravity-gradient damping system. Limitations in the damping system are a result of limita-
tions in the realizability of sufficient inertia of the damping boom. The inertia of the damper
boom is limited because of the following effects:

(1) Thermoelastic bending of the De Havilland type booms due to solar heating

(2) Bending of the booms due to static gravity-gradient moments caused by the
booms having to be mounted on the upper canister at great height above the
composite center of mass

(3) A requirement for reserve stiffness in the booms to withstand bending mo-
ments caused by centrifugal forces during a possible initial tumbling period
when the satellite may tumble as often as five times per orbit.

The transient stability of the satellite has been investigated and optimized within the
physical limits of boom inertia. A digital computer was used to optimize transient perform-
ance on a parametric basis by employing the analytical method of steepest descent which
maximized the transient damping of the least damped mode of satellite libration. Optimum
spring constants, dashpot constants, and steady-state skew angles of the booms relative to
the orbital plane were determined for various values of fixed and damper boom inertias. This
optimization method continually trades damping capability of the more highly damped modes
for increased damping capability in the least damped mode until all modes of libration are es-
sentially equally well damped. Analog computer simulations were made of the time histories
of the decay of initial condition attitude errors.

The mass distribution of the lenticular structure must provide sufficient gravity-gradi-
ent stiffness to offset steady bias torques and a set of natural libration frequencies that are
remote from one and two times orbital frequency. The lenticule and canisters provide pitch
and roll axis stiffness, but no yaw restoring torques. Yaw axis stiffness, as stated earlier,
is provided by the fixed and damper booms attached to the upper canister. Unfortunately,
analysis of the total effect on natural frequencies due to the combined set of masses consist-
ing of the lenticule, the upper and lower canisters, the fixed boom, and the damper boom be-
comes very involved. However, on the basis of rigid body dynamics, which ignore the spring
coupling of the damper boom in shifting satellite libration frequencies, it was attempted to
keep the ratio of roll axis inertia to yaw axis inertia near the value of 5.75. The effect of
the fixed and damper booms in modifying the effective ratio of pitch axis to roll axis inertia
is very obscure, due to the complexity of the spring coupling of the damper boom and to the
effect of the skew angles of each of the booms to the orbital plane. Nevertheless, it was
possible to achieve sets of natural frequencies that resulted in acceptably low steady-state
resonant rises in response to orbital eccentricity and solar pressure torques. These natural
frequencies of the satellite tended to be close to the following values:
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Pitch 1.3t0 1.6 wg

Roll 1.8t0 1.9 wy
Yaw 0.4t00.5 wg
Damper 0.7t00.9 wo

The steady-state attitude errors due to steady sinusoidal perturbing torques were deter-
mined by a computer programmed to solve the steady-state equations of motion in responding
to unit normalized perturbing torques about each of the three satellite axes. LaPlace trans-
formed equations of motion were employed, and the usual steady-state analytical substitution,
s = jw, was made. Steady-state error sensitivity coefficients were calculated for perturb-
ing torques at zero frequency, orbital frequency, and twice orbital frequency. Cross-coupled
error sensitivity coefficients between all axes and direct-coupled coefficients were calculated,
so that, for example, the errors resulting from a roll axis perturbing torque could be calcu-
lated for the pitch and yaw axes as well. These steady-state error sensitivity coefficients
are functions of the natural frequencies of satellite libration, and hence of the mass distribu-
tion of the satellite. Because the fixed and damping booms of the Ames stabilization system
have a significant effect on the total satellite mass distribution, the satellite natural frequen-
cies vary with the size of these booms. The error sensitivity coefficients are thus functions
of the inertia of the fixed and damper booms.

Definition of parameters and equations of motion. - Figure 12 presents the different
coordinate systems and the relationship between principal body axes of the satellite and the
various coordinate systems. The derivation of the equations of motion from the kinetic and
potential energy expressions are given in appendix G. All necessary coordinate system trans-
formations are also shown in appendix G.

The inertial coordinates are the frame of reference from which all motion is measured,
and by which motion description is mathematically formulated. However, the inertial system
is not a convenient frame for stability analysis. For this reason, the trajectory coordinate
system is defined. The trajectory coordinates,as shown in figure 12, are centered at the
satellite center of mass. The coordinates are aligned with the nominal satellite orientation,
which for a circular orbit is also the local horizontal. Oscillations about the nominal orienta-
tion, due to disturbances, can then be conveniently measured from the trajectory system,
which is an attitude reference. Satellite attitude is described by attaching a set of body axes
to the vehicle and analyzing the Euler angle rotations which relate the body to the attitude
reference system. The Euler angle rotational sequence is shown in figure 12.

Note that this approach reduces the satellite motion to a translation and a rotation. The
translational component is the motion of the trajectory coordinates (satellite ¢.m.), while the
rotational component is the motion of the satellite relative to the trajectory (attitude reference)
coordinates. The stability analysis is the study of the rotational motion of the vehicle about
the nominal orientation. Use of the trajectory axis system thus permits a readily grasped de-
scription of that rotational motion. This does not imply, however, that stability is completely
divorced from translation. The translational motion is the orbital motion of the trajectory
coordinates (satellite c.m.). The orbital rate is a rotation in inertial space. This is duly
accounted for in the equations of motion (see appendix G).

A damper boom having one rotational degree of freedom relative to the satellite is at-
tached as shown in figure 12. The relative motion of the damper boom is measured in a
damper axis system. The damper axes are referenced to the body axes through a coordinate
transformation. Complete motion description of the satellite, including the damper, is thus
accomplished through these coordinates.
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The effect of solar pressure on satellite stability is considered in the dynamics analysis.
Solar pressure is a vector quantity, and therefore its effect on stability is a function of the
relative orientation between the solar vector and the vehicle attitude. Representation of re-
lative solar pressure-vehicle orientation is handled by introducing a sun line vector. which
relates to the inertial coordinate system. The solar pressure vector is then transformed
through the defined coordinate to the body axis system. This permits a complete description
of solar effects for any satellite attitude or position in space.

Transient Response

The primary parameters determining the transient response performance of the damping
system are the moment of inertia ratios F and D, which are the ratios of the fixed and damper
boom moments of inertia respectively to the satellite roll moment of inertia. Figure 13 shows
transient response performance plotted against D for various fixed values of F. The perform-
ance axis is scaled to show both ¢, the real part of the complex root of the least-damped mode,
and the number of orbits required for a small step disturbance to decay to approximately 5
percent of its initial value. These curves are the results of the optimization of the normalized
equations of motion, and are applicable to any satellite similarly equipped with this form of
stabilization at any orbital altitude. The parameters defining the relative location of the damp-
ing system booms (y, 8, and ¥ p as shown in fig. 12) and the spring deflection (K") and viscous
damper coefficient (B"”) are shown in figures 14 through 19.

It is important to note the relatively narrow range of the normalized spring and viscous
damper coefficients over the complete range of variables. Actual hardware coefficients can
be calculated using the normalizing relationships. Figure 20 shows the relative angular posi-
tion of the fixed and damper booms with respect to the overall system principal roll axis,
which is normally aligned with the orbital velocity vector. The parameters are plotted here
against the ratio D/F to show the effect of the constraint defining the location of the system
principal axes due to the booms. The location of the damper boom askew to orbital plane is
very important in establishing optimum damping performance. Figure 20 shows that when D
is smaller than F, D can be located for optimum performance. However, when D becomes
greater than F, the location of D becomes constrained and performance deteriorates rapidly
as seen in figure 13. An important consideration not shown herein, but noted and described
in reference 5, deals with the sensitivity of the various parameters at or very near the peaks
or optimums of the family of performance curves shown in figure 13. In the apparent optimum
region of each curve the parameters exhibit a relatively high sensitivity to damper configura-
tion variations and could present stringent design considerations. These effects lead to a con-
clusion that F should always be selected slightly larger than D, and that D should be located
to the left of the optimum peak of the F curve being used.

The parameter data presented above was developed using digital computation. An énalog
simulation was used to illustrate the performance with time history plots. Following is a list
of the computer runs, which are shown in figures 21 through 32:

Run No. Configuration Figure No.
1 through 4 Transient Response when Optimum Boom Inertias 21
are F =0.16 and D = 0. 143
5 through 8 Transient Response when Optimum Boom Inertias 22

are F =0.12 and D = 0.129
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Run No. ' Configuration Figure No.

9 through 12 Transient Response when Optimum Boom Inertias 23
are F=0.08 and D = 0.114 )

13 through 16 Transient Response when Optimum Boom Inertias 24
are F =0.04 and D = 0.10

17 through 20 Transient Response when Optimum Boom Inertias 25
are F=0.04 and D = 0.03

21 through 24 Transient Res-ponse when Optimum Boom Inertias 26
are F =0.02 and D = 0.095

25 through 28 Transient Response when Optimum Boom Inertias 21
are F =0.02 and D =0.0175

29 through 32 Transient Response when Optimum Boom Inertias 28

are F = 0.01 and D = 0.00875

33 through 36 Transient Response for Configuration A at Syn- 29
chronous Orbit

37 through40  Transient Response for Configuration B at Syn- 30
chronous Orbit

41 through 44 -Transient Response for Configuration C at 2000 31
n. mi. altitude with booms designed for non-tumb-
ling orbital conditions

45 through 48 Transient Response for Configuration E at 6000 32
n. mi., altitude.

Computer runs 1 through 32 illustrate the transient response associated with the param-
eter o for all the peak optimum configurations associated with each fixed value of F shown in
figure 13. These time histories show the response to a 5-degree error in each axis separate-
.ly (sheets 1, 2, and 3 for each run), and then the response for 5-degree errors in all axes
(sheet 4 for each run). It is important to note that the response of the yaw axis is relatively
well damped, considering that it has the lowest natural frequency. In the analog simulation,
data for the yaw angle, ¥, was not linearized to show the performance in this axis, as it is
the most difficult to damp. Table 4 contains a tabulation of the data points obtained from the
. optimization study and includes the natural frequencies of the system as obtained from the
‘roots of the system characteristic equation. Examination of this table and the analog com-
puter runs shows that the natural frequency of the damper boom is always located between
the system yaw and pitch natural frequencies, and is usually tuned closely to the yaw mode.
The damper mode is extremely well damped. This permits it to be sensitive to a broad spec-
trum of input disturbing frequencies ranging from yaw to roll, which is always the highest. In
order for the damping boom to be sensitive to both roll and pitch disturbances, it may be lo-
cated askew to the orbital plane.

Referring to the performance curves for F = 0.04 and 0.02 in figure 13, there are two
apparent optimum peaks for each curve. The lower optimum value appears to occur for the
anticipated value of D, i.e., D = 0.8 F. The second and maximum peak occurs for a rela-
tively large value of D, i.e., D ¥ 2.5 F. In order to explain this effect, reference is again
made to the data shown in table 4. Examining the system natural frequencies, it can be seen
that for the higher D the apparent pitch and roll frequencies are nearly equal. In effect, the
addition of the booms has changed the system natural frequencies from the initial desired
values associated with the inertia ratio of J = 0.1739 to a tuned condition between pitch and
roll, even though the relative boom angular locations are restricted by the angular constraint
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defining the location of the system principal axes. Although this is an optimum, a better op-
timum can be obtained by reversing these values of F and D, which follows the conclusion

reached earlier.

Transient response runs 33 through 48 are also shown for several typical satellite con-
figurations. While all the transient response runs are shown with the time base scaled in
orbits, the satellite configuration runs are also scaled in real time, since the orbital period
is defined for each configuration.

Since the primary parameters determining the transient response performance of the
damping system are F and D, their maximum values should be determined with respect to
the weight allocated to the damping system. The common denominator of F and D is the roll
moment of inertia of the satellite and is constrained by configuration requirements. The
numerators are the moments of inertia of the damper system booms. Appendix H contains an
analysis relating the maximum attainable moment of inertia, I;,,,+, of a boom to its weight.
The constraint is used that the deflection of the boom tip is less than 10 percent of its length.
L, as measured from the tetrapod, while experiencing combined maximum solar heating and
gravity-gradient forces. The gravity-gradient force is directly proportional to u‘oz, and to
the height, h, of the booms above the system center of gravity. This analysis considers two
cases; the first is normal orbital flight, where the gravity gradient force coefficient is 3wqg2:
the second considers a tumbling condition of Swg, where the coefficient increases to 27wp<.
Figures 33 and 34 show the results of this analysis with Iyy5% and L plotted against wozh for
various constant boom weights. Note that I,5x is the moment of inertia for only one boom.
Since two booms are required for the damping system, the damping system weight allocation
must be divided between the fixed and damper booms. The relationship for determining the
boom design parameters are shown in figures 35 and 36.

In the damping system configurations considered,the weights of the boom deployment
motor and damper hardware are insignificant. The transient response analysis has shown
that F and D should be approximately equal, so Imax can be determined using half the damp-
ing system weight allocation.

Stabilization system parameter selection. - The procedure presented here can be used
to establish the damping - satellite system configuration. Worksheet No. 1, shown on the
following page, can be used as an aid in defining configuration parameters.

(1) Determine the following necessary input data from the lens configuration:

wp, rad/sec orbital frequency
I;-2, slug-ft2 lens structure yaw moment of inertia
Lix = A+ Bh2, slug—ft2 lens structure pitch or roll moment of inertia.

A represents components of Iy_x that are
independent of h; B represents lumped masses
that are located at the tetrapod apexes. Their
contribution to Ix_x varies as h<“.

Wp + F, 1b weight allocated to the damping system
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Lensat Configuration

Orbital Alt. (n. mi.)
wq (rad/sec)
a (deg)
p (ft)
Wg (1b)
Iz_z (Slug—ftz)
Ix-x (slug-ft2)

Ay x
X-X
*Iy_x (slug-ft2)
*h (ft)
(Wp + F)/Wg

*FINAL VALUE

Esgi h] 5te

Pzgez=Tzgz + Iy

WORKSHEET NO.1

Selection of Damper Configuration

Ax-x + Fx_xh®

*Damper Configuration

Wp.F (1b)
Imax (slug-ft2)
I (slug-ft2)

Ip (slug-ft2)

I for Iax (£t)

D (deg) =
k (Ib/rad) =
B (Ib-sec/rad) =

F =
D =
K" =
B" =
‘y =
é =
(WD + F)/2 =

Co;ngare
5.75 (I'3_5)

IX-X

F = Imax/Ix-x
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(2)

(3)

)

(5)

(6)

Determine a minimum h that satisfies the nominal relation Ix_x = 5.75 I5_5.

hooi[BTBlkx- A
B

(This neglects the fact that the fixed boom inertia should be added to IZ_Z.)

Determine the maximum Ijax that can be attained with the glven configuration. Us-
ing the minimum h from step (2), use wozh x 12 and (Wp + F)/2 to determine Imax
from the approprlate set of curves in figure 33 or 34.

NOTE: Calculations of stéps (2) and (3) are the minimum h and maximum Imax
for the given configuration. As h increases, Imgax decreases.

Calculate Iy y = A+Bh2and5.75 1) = 5.75 (Iz-z + Imax)
Compare Ix_x and 5.75 I'z_z

(a) ¥ Iy_x £5.751%_,, the satellite roll moment of inertia is small and h must
be increased to increase Ix-x. Proceed to step (5).

(b) Iy yx>5.751),_,, proceedto step (6). In this case I;54 is not a constraint
on the allowable value of Iy or Ip. A value of F can be chosen from the transi-
ent response performance curve, the required h calculated to achieve the nec-
essary inertia ratio of Ix—x/Iz—z +Ip = 5.75, and I 5% recalculated with the
new h to assure that Iy is still less than or equal to Iax.

Estimate a new h and calculate

(a2) wozh x 12 and determine new I 5%-

(b) Again compare Iy_x = A+ Bh? and 5.75 I' _ =5.75 (I, + Iyay), Where
Imax = IF.

(c) IfIx-x ~5.751%_5, then the configuration is defined and F can be calculated
from F = Ip/Ix_x.

Refer to the damping performance curves (fig. 13) to select D and finally to

the other curves (figs. 14 through 19) defining the damper configuration param-
eters. (D = 0. 8F appears to be a satisfactory relationship.) Boom dimen-
sions can now be calculated, using step (7).

(d) Re-estimate h and repeat step (5) if
Ix-x <5.75 I';_5, increasing the previous estimate of h
Ix.x >5.75 I%_,, reducing the previous estimate of h

Select a desired value of F and D, where D = 0.8 F, from the damping system
performance curve (fig. 13).

1/2
1 ( 5.75 Ix.x _A)]

(a) Calculate h = [§ 1-(F)5.75



(b) Recalculate Ihax using the new h for wozh
(c) Calculate Iy_x = A + Bh2
(d) Using Ip = (F)Ix-x, recheck Iy STy ax

If Ir >Imax, the configuration is defined for the selected F and D and reference
~can be made to the other curves (fig. 14 through 19) for complete configuration
parameter definition. Boom dimensions can be calculated according to step

(7).

If I+ > Imax, the selected value of F cannot be attained for the weight alloca-
tion; h must be reduced and the procedure shown in step (5) followed.

(7) Calculation of boom dimensions:
(a) Boom length, L - half length defined as distance from tip to midpoint where
boom is attached to satellite tetrapod apex. See sketch. L is obtained from

figure 35 or 36, and is defined by wozh and (Wp + F)/2.
WRr Wr

t
Section A-A

(b) Moment of inertia of boom, Imax, slug-ft2

by = radius of boom tube, inches
t = tube thickness, inches
W = weight of concentrated tip masses, 1b
Wgr = weight of half boom length, 1lb
1%
%—F = W + Wr weight of boom, Ib
_ 520 r
= 0.02653 r2L (12)
W+ F
= D
L
S S
t = 130
9 B Wp + F Imax 32.2 1 S]fet N
t T 3L 7(12) ~ 2L3 (12) 0.01769 skete
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Steady-State Response

In order to define the steady-state performance of the complete satellite - damper sys-
tem, it is necessary to (1) define the disturbing torques; and (2) relate the disturbing torques
and system parameters to attitude errors.

The torques considered here are those associated with orbital eccentricity and solar
pressure. The derivations defining the magnitude and sinusoidal frequency of these torques
are presented in appendix G. Attitude errors are shown graphically as functions of the basic
configuration parameters, F and D, for a normalized torque magnitude and the frequencies of
interest. The computed magnitude of each torque can then be referenced to the normalized
torque and, with the aid of the appropriate graph, the associated error can be computed. In
order to simplify the analysis, each torque is considered separately. A summation of the ab-
solute value of the various errors for multiple torque inputs results in a "'worst case’ error.
This is due to neglecting the phase shift effects of multiple inputs. An alternate technique is
to consider an rms value of the contributing errors. It is important to note that a torque ap-
plied to one axis of the satellite can result in attitude errors in the other satellite axes.

The torques that arise from orbital eccentricity have been simplified to the normalized
form

Ty

Txn - TZH = O

2€(1 + F+D - A) sin wyt

where € is the orbital eccentricity, and Ty'" is the normalized torque acting upon the y axis.
Since the normalized torque in this case can be defined in terms of the basic parameters F
and D, the resultant attitude errors can be related directly to the eccentricity.

Figure 37 shows the pitch error due to an eccentricity of € = 0.01, and figure 38 shows
the associated errors in yaw and roll for various values of ¥. The errors for other eccentri-
city values would be in direct proportion to the given € = 0.01 and the errors shown in these
figures.

The effect of a disturbance into pitch causing errors in roll and yaw can also be seen in
figures 39, 40, and 41, which show the response of each axis, including the boom deflection
angle, to a sinusoidal pitch disturbance ranging from 0.1wg to 2.5wg. An eccentricity dis-
turbance at lwg would then induce errors in each axis in proportion to the magnitude of amp-
litudes shown for each response at the frequency lwg.

The torques due to solar pressure must consider the geometry of the satellite - damper
system and the relative location of the sun. The effect of the geometry of the satellite can be
divided into two cases:

(1) Torques associated with the basic satellite configuration, primarily the lens
and the canisters

(2) Torques associated with the damper configuration, i.e., the booms

In the first case the frequency of the disturbance torque may be either 1wg and/or 2wy,
depending upon the angular location of the sun line to the orbital plane.

In the second, the torque may have a frequency component of 1wg and/or a constant
component, again dependent upon the location of the sun line. In all cases the torques act
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about either the pitch or roll axes. There are no torques acting about the yaw axis. Various
disturbance torques in terms of their source, the axes they act upon, and the figures that
should be used to determine the magnitude of the errors are tabulated in Worksheet No. 2.
The top of this worksheet shows the required parameters needed to determine the magnitude
of each torque. Iyx_x and woz are the normalizing parameters that are necessary to convert
each torque into a normalized value. The other parameters are also associated with the con-
figuration under consideration, and are necessary in computing torque magnitudes.

The normalized torques are subscripted to show that they act about either the pitch (y)
or the roll (x) axes, and are related to torques due to the booms (B) or the satellite (S). The
normalized torques due to solar pressure acting upon the satellite are T;g and Tyg. Two
cases are considered with respect to the relative location of the sun andjége orb1tal plane
Case 1 considers the sun in line with the orbital plane; Case 2 considers it 45° from the or-
bital plane.

The torques are:

Case 1 Case 2
S oS - _(C_l)_l_.z
ys = Ix—x“’oz sin 2wqt ys - \2 Ix—xwoz sin 2wyt
C1
TXS = Q TXS = T, @02 cos wqpt
where Cp is defined by
P-7u12
c —— [-a3sin @2y + 2R 2N
1 4C -a2 gin (2{ max) + c
and
P_i _ Incident radiation power per unit area _ g ¢4, 19-8 1b/£t2
c - speed of light -
a = Rsin {max
R = radius of curvature of lens, ft

{max = included lens angle
R; = canister radius, ft
n = canister moment arm feet from lens

u _ reflecting area of lens £ ble 5
len total lens area (reference table 5)

Hoqn = reflectance coefficient = 1

The first term in Cq is the lens component of torque, while the second is due to the canister

located at the tetrapod apex. It is important to notice that the torque about the pitch axis,

Tys, has a frequency of 2wq in both cases while in the roll axis a frequency of 1w(Q appears
Y

only in Case 2.
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WORKSHEET NO:-2

Steady-State Errors

Configuration Th1s worksheet applies to Case 1 only.
T vS and T, XS equatlons change for Case 2.
Conditions
Iy = slug-{t2 F = Fjp = —1b
D = .
w02 = rad/sec? hD/F : S
L = Fyo =
C; = ft-1b r = Fy, =
¢ Disturbanc Reference | Normalizing - Error, degh
Type of Disturbance Figure Factora 0 @ v
1% Eccentricity gg @ Normalizing factor = amplitude
of disturbance. _
Lr ' . bIn the Error column, the value
h (W) Fy1 sin wqt a8 from the graph (referenced figure
T"B = 49 number) is shown in parentheses.
< y Ix-x "-’02 The second number in each column
§ is the error, calculated as follows: —
Py o
o (C1/2) sin 2wyt (graph value) (norn1a11%1110
3 " 0 factor
o T S = 2 42 error =
S y Ix-x @ 43 10-2
=
5 t
o ' h (300 ) FXl sin wy 44
3 T!n = 45
g xB 9 46
@ | o Iv-x @0
@
Cq cos wyt 44
T;c'S = —_ 45
Iy x W02 46
Fy
h (355 ) Fo
| 0L 50
43 Ix-x wg
wn o
8 s Lr t
o & h ( 300 )FXO
T}'{'B = 50
Ix-x ""02

Summation of Errors

RMS of Errors
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Figures 42 and 43 show the attitude errors in each axis - pitch, roll, and yaw - for a
normalized torque Ty = 10-2 sin 2wg. Using the F and D values for the configuration and
the relative magnitude of Tyg to Ty, the error in each axis can be calculated for either Case 1
or Case 2 for the describedypltch torque. Figures 44, 45, and 46 are used to determine the
errors in the various axes due to the roll torque of lwg for Case 2.

In order to calculate the contribution of the solar torque transmitted by the booms, the
simplifying assumption was made that booms are always located in the same relative position
for-all values of F and D. The actual values assumed were y = 250 and § = 459, correspond-
ing to what appears the normal value when D a~ 0.8 F. Using this assumption, the solar torque
transmitted has the form

VB = Ix.x wo2 wo [300] [ yq 5P ‘”ot]
w __—_h [ Lr ' Ve
TxB ® Ty woz [ 300] [FXO + Fy X1 sin wot]

The coefficient (hLr, Ix_x) depends on size and shape of the boom and the satellite.

Fi,o and F%, are constant torque terms, while Fy, and Fx determine the magnitude of
the sinusoidal terms. The Fyx and Fy terms are depend%ant upon the relative location of the
sun line to the orbital plane. Figure 47 illustrates the magnitude of these terms with respect
to the sun line. These terms can be handled in a fashion similar to the method used for the
torques associated with the satellite. Figures 48 and 49 relate the pitch axis disturbance to
the errors for the 1wg frequency disturbance, and the same curves that were used for roll
disturbances are again applicable. Figure 50 can be used to determine the errors associated
with the steady-state torques, but it should be noted that it is applicable with high accuracy
only in the region D~ 0. 8 F due to the simplifying assumptions made with respect to the angu-
lar location of the booms.

The total steady-state error in each axis can now be determined by summing the errors.
If the errors are in excess of acceptable values, a trade-off between steady-state and transi-
ent response performance should be made. In the configurations examined, it is apparent that
the largest error is caused by solar pressure on the booms and the extremely long lever arm
(h, height of tetrapod) producing a large torque. If a smaller Ip is used and transient response
can be sacrificed, the lengths and diameters of the booms can be reduced to produce a smaller
exposed surface to solar pressure. The height of the boom above the satellite center of mass
would also be reduced, because the ratio of effective yaw axis inertia to roll axis inertia is
held constant through the parametric relationship

Iz-z + IF
J = Lo < 0.1739.
X-X

The steady-state error worksheets for four basic satellite - damper configurations are
shown in tables 6 through 13 for two locations of the sun relative to the orbital plane. One lo-
cation has the sun in plane with the satellite orbital plane, while the second has the sun 45°
from the orbital plane.
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Summary and Conclusions

The results of the study show that acceptable stabilization system performance may be
achieved over the entire range of altitude of interest if the stabilization system is allocated up
to 10 percent of the launch weight of the satellite. It has been shown that both speed of transi-
ent response and sensitivity to effects of orbital eccentricity and solar pressure torques are
acceptable. Figure 51 summarizes the theoretical transient damping capability of the gravity-
gradient stabilization system as a function of the parameter D, the ratio of damper boom in-
ertia to satellite roll axis inertia. Inspection of figure 51 shows that the damping capability
improves with an increase in the relative inertia of the damper boom. The validity of this
curve is constrained by certain practical limiting factors such as orbital altitude, height of
the damper booms above the center of mass of the satellite, the requirement of the damper
booms to withstand tumbling, and thermoelastic deflections of the damper boom due to solar
heating. At the lower altitudes the requirement for the booms to withstand a tumble rate of
5 times per orbit limits the parameter to perhaps as low as D = 0.02 and 95 percent transi-
ent decay times of the order of 30 days. At the higher altitudes the tumbling capability re-
quirement of the booms has less constraining effect, and values of the parameter D as high
as D = 0.12 are practical.

Table 14 presents a summary of the stabilization error analysis mode of four specific
satellite configurations. These configurations do not necessarily reflect optimum performance
of the stabilization system. Configuration C provides very low steady-state errors. How-
ever, the transient damping capability of this configuration is definitely limited by the low
realizable mass moment of inertia of the fixed and damper booms, because of the requirement
for the booms to be stiff enough to withstand the effects of the satellite tumbling at the rate of
o times per orbit. The limitation could be offset to some extent by the allocation of more
weight to the stabilization booms, which in this case is 130 lb, or only about 4 percent of the
total launch weight of the satellite of 3551 1Ib. Doubling the weight allocation would essentially
double the transient damping capability.

Configuration E represents a more optimum set of design conditions for the stabiliz-
ation system, providing both good transient performance and low steady-state errors. This
configuration is for 6000 n. mi. altitude operation. The tumbling problem, which limits the
realizable booms inertias, is not nearly as severe in this case as in Configuration C, which
operates at 2000 n.mi.

Configuration B provides good transient damping capability. This design explores
the stabilization capability of an extremely lightweight synchronous orbit satellite. This con-
figuration, which has very small gravity-gradient restoring torques, is therefore highly sen-
sitive to upsetting torques caused by solar pressure on the relatively large areas of the fixed
and damper booms, and steady-state errors approaching 25 degrees. Two methods are open
to reducing the steady-state errors. Additional weight could be placed in the canister, there-
by increasing the gravity-gradient restoring torques which must offset the solar pressure
enduced torques on the boom. Alternatively, the center of mass of the satellite could be
shifted up by redesign of the tetrapod boom heights, so that lenticule solar pressure forces
would offset a certain fraction of the solar pressure forces falling on the fixed and damper
booms. It is estimated that such a counterbalancing of solar pressure torques would reduce
these steady-state errors to as low as 5 degrees. This counterbalancing compensation scheme
cannot, of course, provide 100 percent error compensation, because the shape of the booms
is not matched by the shape of the lens. Moreover, the requirements for the booms to be
fixed relative to the orbital velocity vector, and for the lens and sail to be oriented relative
to the sun for orbital position keeping purposes, are somewhat imcompatibible with the bal-
ancing out of upsetting torques between the lens and the stabilization booms.
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Configuration A shows that both good transient damping capability and acceptably low
steady -state errors are achievable at synchronous altitude. This configuration is much heav-
ier than Configuration B, having relatively much stronger gravity-gradient restoring tor-

ques.

As a result of this study, it is possible to summarize the significant performance limita-
tions and design considerations of the stabilization system as follows: .

(1)

(3)

(4)

®)

(6)

Transient damping capability of the satellite is better at high altitudes than at
low altitudes, assuming the same weight allocation of the stabilization system.
This is a result of the smaller values of F and D at the lower altitudes, caused
by the higher bending moments applied to the booms at the lower altitudes.

Steady-state errors are very low at low altitudes, but become the performance-
limiting criterion at synchronous altitude. Large values of F and D at synchron-
ous altitude provide very little help in attenuating steady-state attitude errors.

Increasing the weight allocation of the stabilization system gives some relief
to the poorer transient damping capability of the low altitude configuration.
The relief is not as great as desired.

For high-altitude satellites, a distinct trade-off between transient damping
capability and steady-state errors is possible. The lower steady-state errors
afforded by smaller damper booms come at the penalty of reduced transient
damping capability. Such a trade-off is not required at low altitudes, however,
because of greater gravity-gradient stiffness at the lower altitudes.

An effect noted indirectly in the optimization program data and in the analog
simulation study involves system stability for the cases where F is smaller
than D. In these cases the spring coefficient becomes low with respect to
the coefficient required to maintain the damper boom in its unstable equilib-
rium position. In this situation, system non-linearities and large angular
deflections could cause the boom to alter the inertia distribution of the satel-
lite - damper system drastically and change the preferred orientation of the
system. These effects could be reduced through the use of boom deflection
limits or stops. A more thorough and expanded analysis of the satellite -
damper system would be desirable for configurations where F is smaller
than D.

The assumption that the effects of limits or stops on the damper boom angular
deflection can be neglected appears acceptable with respect to the results
shown. The damper boom mode is usually highly damped. However, it should
be noted that if the damper boom is tuned to lwg and is not heavily damped,
large excursions could result from eccentricity and solar torque disturbances.

A definite area of useful additional study involves the criteria used in this
analysis concerning the inertia distribution parameter

Lz*tly 1
- 5.75°

J =
Ix-x

The performance of other ratios should be investigated to develop more com-
plete parameter data. A second approach would be to maintain the satellite -
damper system, including the contribution of both booms, I and Ip, fixed at
the desired ratio of 5.75. In this case the steady-state error analysis could
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be greatly simplified, 'while transient response optimization would become more
complicated, to ensure that the constraint of inertia ratios was maintained dur-
ing the optimization calculations.

INITIAL CAPTURE ANALYSIS

Introduction

The deployment and inflation sequence for the lenticular satellite cannot be expected to
ensure an initial upright capture of the satellite by the gravity-gradient field. During deploy-
ment the satellite changes from a densely packaged canister into a large inflated passive com-
munication satellite. The order of unfolding of the various layers of the wire mesh film com-
posing the satellite and the continuously changing non-rigid body geometry during this meta-
morphosis cannot be accurately controlled nor analyzed. Initial attitude and attitude rate
errors and various perturbing torques further reduce the likelihood of upright capture. The
satellite requires an initial angular rate about its pitch axis equal to orbital rate. No simple
passive means are available to impart this required initial rate of rotation. Initial rate error
is nearly sufficient to cause tumbling of the satellite about its pitch axis. Perturbing torques
are caused by escape of inflation gas through holes in the lens and torus. The holes are neces-
sary to avoid entrapping air during the folding of the satellite for packaging.

It is therefore concluded that the structural integrity of the satellite must be sufficient
to endure the stresses caused by initial tumbling rates conservatively estimated to be as high
as five times orbital rates. In addition, either the gravity-gradient stabilization system must
be augmented by some form of attitude-inversion system to ensure against inverted capture,
or a satellite configuration must be required with symmetric radar frequency reflectivity
characteristics.

Recommended Capture System

The recommended solution to the initial capture problem is called, for want of a better
name, the "Repeated Flip System.' This system requires a minimum of additional equipment
and has a2 minimum of dependence on active elements. The additional equipment consists of a
pair of beacons and a pair of attitude tumbling jets. A beacon with a high front-to-back ratio
antenna is mounted on both the upper and lower canisters of the satellite. Ground station
interrogation of the beacons determines whether inverted or upright capture has been achieved.
If inverted capture has occurred, then the attitude tumbling jets are fired to right the satellite.
Since precise attitude control will probably not exist at the time of firing the attitude jets, it
is likely that the satellite will go into a tumbling phase with the tumbling rate gradually attenu-
ated by the Ames gravity-gradient damping system. The tumbling period will then terminate
in gravity-gradient capture of the satellite which, of course, may be either upright or inverted.
The interrogation of the beacons and firing of the jets are repeated until an upright capture is
achieved. The inversion cycle may have to be repeated as many as four times to ensure a
97 percent probability of upright capture. In this approach it is important that the gas-jet im-
pulses are sufficient to invert the satellite, but not so large as to create a high tumbling rate
that would take a long period for the Ames damper to attenuate. A good estimate of the gas
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requirements may be made assuming that the required impulse from the jets is approximately
1.6 times Iwg, where I is the roll axis moment of inertia of the satellite and wy is its orbital
rate.

Alternate Solutions

Roll-Vee Damping System (Ref. 6). - This solution depends upon achieving a completely
symmetric satellite with rf reflectivity characteristics such that an "upright' attitude is in-
distinguishable from an "inverted' attitude.

A two-gyro roll-vee damping system is used, replacing the Ames system. The two
gyros are used as gyrostabilizers rather than merely as attitude error sensors. In this
approach, the angular momentum of the gyros should be commensurate with the angular
momentum of the satellite itself when rotating in inertial space about its pitch axis at an
angular rate of one wq, or once per orbit. Because of the large inertia of the satellite, the
satellite angular momentum will be high, even though wg is a very low rate.

The gyros would be mounted in the canisters with a suitable power supply. For a 1000-
1b satellite at a 2000-mile altitude, it is estimated that each of the gyros would have a 50-1b
wheel with a radius of gyration in the order of 10 inches and a wheel speed of 5000 rpm. The
gyros must be mounted with a single degree-of-freedom gimbal with torques and pick-offs on
the output axis.

Rate Gyro/Jet Capture System. - This system consists of three small rate gyros and
three pairs of gas jets mounted on the lenticular satellite. The rate gyros fire the jets until
the attitude of the satellite is "frozen' in inertial space. The Ames damper then may be de-
ployed and the rate gyro/jet system turned off. The rate gyro/jet system may be turned off
when a beacon with high front-to-back ratio antenna gives a coarse indication that the satel-
lite is at that point in the orbit where its axis is reasonably close to vertical.

The advantage of this system is that the Ames dampers do not have to survive and
operate through the initial tumbling period. A limitation of the system is that the initial
attitude errors are not reduced to zero, and no method for supplying the initial angular rate
about the pitch of one wg is provided. Thus, there will be an initial libration of the satellite
which, though less than tumbling, may be of significant amplitude.

All-Attitude Capture System. - This system consists of an all-attitude gyro-controlled
reference stable platform and three sets of attitude-control jets. The gyro platform keeps
track of launch point vertical on the basis of pure memory. After deployment and inflation
of the lenticular satellite has been completed, the all-attitude reference platform sends com-
mands to the jets, which erect the lenticular satellite to the launch vertical. On each suc-
cessive orbit, there is a point at which the satellite is upright corresponding to the passage
over the launch point in inertial space. At this point, the all-attitude capture system may be
switched off and attitude control transferred to the Ames gravity-gradient stabilization sys-
tem. A calibrated impulse from the pitch axis jet could establish the required initial pitch
axis rotation rate of one wg. Thus, all initial attitude and attitude rate errors would be re-
duced to zero and minimum attitude perturbations would be present at the time of transition
to gravity-gradient stabilization.

The disadvantages of this system are the complexity of the all-attitude reference plat-
form and certain coordinate transforms that convert gimbal axis error signals into jet-thrust
commands.
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CONCLUSIONS AND RECOMMENDATIONS

Design and performance data on the gravity-gradient stabilized lenticular satellite can
be obtained for use in system studies from the parametric data and analyses presented herein.
Previous design, fabrication, and test experience indicate that the assumptions used in the
analyses are realistic. Lens radius of curvature, lens included angle, and orbital altitude
are shown to be the key parameters with which to define a satellite configuration. Representa-
tive configurations defined for low and synchronous orbits verified the validity of the design and
performance assumptions.

Acceptable lenticular satellite stabilization performance can be achieved with the Ames
X system at orbital altitudes of 1000 n. mi. to synchronous with the stabilization system being
allocated up to 10 percent of the satellite launch weight. Further, the speed of transient re-
sponse and sensitivity to effectsof orbital eccentricity and solar pressure torques are acceptable.
Transient responses, measured in terms of numbers of orbits to achieve 95 percent decay of a
step function torque input, range from 30 to 3 for low to synchronous altitudes respectively, us-
ing practical damper boom designs capable of withstanding tumbling constraints.

Stabilization error analyses made of four representative lenticular satellite configura-
tions at 2000 n.mi., 6000 n.mi., and synchronous altitudes showed the following results:

(1) Transient damping capability of the satellite is better at high altitudes than at
low altitudes for the same stabilization system weight allowance.

(2) Steady-state errors are not significant at low altitudes, but become the per-
formance limiting criterion at synchronous altitude.

(3) Some trade-off between transient damping capability and steady-state errors
is possible, particularly at the higher altitudes.

The stresses likely to be encountered during the initial tumbling of the satellite are
primary design criteria for some of the satellite components and the stabilization system.
Estimates indicate that an initial tumbling rate as high as five times orbital rate (wg) may
be realistic.

No single passive means of countering the initial tumbling problem is evident. A "'re-
peated flip system' seems the simplest approach, This system utilizes a pair of beacons and
a pair of attitude tumbling jets located at the canister positions to invert the satellite through
ground control.

Further design and trade-off studies are recommended for high or synchronous altitude
satellites to improve transient damping capability and minimize steady-state errors. A
thorough design study directed specifically at synchronous altitude will allow a better defini-
tion of the trade-off parameters and lead to an earlier passive communication satellite sys-
tem.
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Page 35:

TABLE 1. - LENTICULAR LENS INCLUDED ANGLE
FOR HORIZON-TO-HORIZON COVERAGE

Orbital Lenticular Lenticular
altitude, H anglep ' anglej6
n. mi. (a = 0) (a = 59)
1 000 101. 57° 101. 03°
2 000 78. 45° 78.10°
6 000 42.73° 42.57°
10 000 29.67° 29, 53°
15 000 21. 50° 21.43
19 300 sync 17. 33° 17.27°

-— -

In table 1, the column heading "Lenticular angle 6' (a = 0)" should
read "Lenticular angle 20' (a = 0)," and the heading "Lenticular

angle 08 (a = 5°)" should read “"Lenticular angle 26 (a = 5°)." 1In
addition, the formulas below the table should be corrected as follows:

-1 R
+ H R+ H

8' = sin

sin 95°

Also, in the left-hand sketch the angle 6'/2 should be 6' and the
symbol R on the tangent line should be deleted; in the right-hand
sketch the angle 6/2 should be 8.

a = Ground antenna elevation angle
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COMPONENTS FOR FOUR TYPES OF LENS MATERIAL

TABLE 2. - WEIGHTS AND MASS MOMENTS OF INERTIA OF VARIOUS LENTICULAR SATELLITE

Material III

Material IV

p = (6.8845 2 227 8) 5 18 p = (6.8845, 2 2575 8) x 108
Components Material I Material 11 d = (s 1), e0.1505, 5 d = (s ")'el.SOS s
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' 4,3 9 2
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TABLE 3. - LENTICULAR SATELLITE CONFIGURATIONS
USING LENS MATERIAL III

Satellite configuration

Item
A B C D E

Altitude. n.mi. 19, 300 (syn) 19, 300 (syn) 2000 2000 6000
Anglelg . (for full coverage) 100 39' 100 39' 420 420 230 36'
Lens radius of curvature. p . ft 1280 438 438 747 600
Lens wire spacing. s, in. 0.0665 0.0532 0.0532 0.05915 0.0566
Lens wire diameter. d. mils 2.2 1.0 1.0 1.5 1.25
Lens weight (film on). Wy, Ib 1554.4 131.3 1957.2 6477.7 1271.5
Lens weight (film off), WL. b 583.9 17.65 263.0 1550.0 236.3
Lens Iy (no film) I, p . lb-ft2 8.2913 x 106 29367 7.0432 x 106 120.6 x 108 3.6567 x 106
Lens I, (no film) I, | . 1b-ft2 16.3942 x 108 | 58063 11.8649 x 106 | 203.1 x 106 6.9167 x 108
Torus weight, Wo. 1b 285.6 8.64 85.6 503.9 104.1
Inflation system weight., Wy.lb 171.2 5.18 77.2 342.3 64.2
Canister weight, We o 1b 978.3 36.29 528.8 1688.7 346.1
Tetrapod apex weight (two places).| 709.3 25.14 368 1271.1 254.6

cach, b
Stabilization system weight. Wg, 269.1 8.81 130.1 511.2 98.9

b :
Rim radius. R. Ib 236.56 80.95 298.1 500.0 240.21
Orbit angular velocity, «. sec-} [7.2722 x10°% | 7.2722 x 10-5 | 6.245 x 10-4 6.245 x 104 2.7304 x 1074
Tetrapod height. h, 1t 257.16 79.17 657.6 2088.3 346.6
Rim heizht, hR. in. 3.1 0.571 13.0 36 5.1
Rim foil thickness. tg. mil 1.0 1.0 3.25 9.0 1.3
Rim weight. WR. Ib 34.4 2.17 579.3 7581.6 74.5
Rim. Iy g. 1b-ft2 0.9625 x 108 7209 24.88 x 106 956.086 x 106 | 2.1494 x 106
Rim, I, g. 1b-ft2 1.9250 x 106 14417 49.76 x 106 1912.17 x 108 | 4.2987 x 108
Tetrapod boom radius, rg. in. 35.6 3.72 12.1 289.0 31.17
Tetrapod boom weight (total 275.9 9. 34 193.5 13768.0 243.7

8 booms) Ib
Booms I, g (both tetr) lb-t? 4.3269 x 106 | 14852 15.3 x 106 10293.8 x 108 | 4.7833 x 108
Booms I, g (both tetr) 1b-ft2 2.5729 x 106 10192 2.77 x 108 573.7 x 106 2.3436 x 108
Total launch weight, Wpg. lb 3606.8 205.7 3551.7 31535.4 2256.5
Worp (lens. torus, inflation sys- | 2989.5 181.4 2648.8 9012.6 1785.9

tem. canister) lb
Wrr Wrp 1.206 1.134 1.340 3.50 1.264
Satellite orbital weight. Wq. 1b 2350.7 83.5 1771.9 26101.8 1116.6
Wg Wq 0.114 0.106 0.0735 0.02 0.089
Weight of sail (esl)c 1b 37.9 4.0 124.0 660.0 52.6

“The sail weight, Wsail,» was found from equation Wgaij/Rh = constant, where the value of the constunt was tuken

from the configuration described in reference 2 (p. 67 ), in which Wgai) = 221b, R

= 133.81{t. and h

= 260.3 ft.
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TABLE 4. - RESULTS OF DAMPING SYSTEM OPTIMIZATION STUDY
0.1739 for all data points]

B}

Data | ¢ D K" B” -89 [ 4 | wp® A l ’2 [ ‘3 l 4|4 J;?,I_“ L
point (e} (b}
1 |o0.16 | 0.04 5.084 | 1.24 | 48.38 | 7.19 | 55.57 [0.0000 | 0.3741 |o.owos1 [o0.owe2 | 0.7178 |1.321 [1.463 : 2.007
2 | .16 .08 4.665 | 1.448 | 43.0 |14.96 | 57.96 | .152 2303 1674 | 157 5633 {1.142 (1.54 | 1.985
3 16| .12 4.45 | 1.666 | 37.5 |23.2 | 60.7 -2214 218 | ..220 -210 a7 | lema |1les | e
4 16 14 4.398 | 1.80 | 36.28 |28.3 | 64.58 | .2465 2956 | .2416 | .237 .4235 | .9051 [1.705 | 1.802
5 | 18| 15 4.222 | 1.846 | 35.36 |31.13 | 66.49 | .340 2532 | .2305 | .2345 | .346 | .s08 |1.72 ' 1.79
6 | .16 | .16 4.00 | 1.95 | 35.3 |35.3 |70.6 | .215 948 | .224 212 709 | (@ |1.72 1 o1lde
| . H{ oos2 ! ,
i |
7| 12| .04 4.811 | 1.154 | 48.26 | 9.67 | 57.93 | .0753 '  .3746 | .0746 | .0747 | .5846 {1.210 |1.511 | 1.972
8 | 12| os 4.655 | 1.464 | 45.62 |15.0 | 60.62 | .1051 4605 | .1045 | .1047 | .5155 |1.156 |1.516 | 1.946
9 | 12| .08 4.422 | 17485 | 42016 |20.78 | 62.94 | .1332 -4027 | 11320 | (1316 | .4397 11.039 |1.559 | 1.933
10 | .12 | .09 4.345 | 1.495 | 40,08 }23.82 | 63.90 | .144 3781 | (1461 | .1448 | .4139 | 9875 |1.585 | 1.922
1 1z 10 4207 . 1.545{ 38,1 |27.01 | 65.11 | .1563 3743 ! L1617 | .156 .3976 | .9395 (1.61 | 1.902
12 | 2| 4.252  1.566 | 35.9 |30.27 | 66.17 | .1685 03563 | L1744 | L1881 | .3853 | 665 |1.646 | 1.88
13tz ] o2 4.185 ' 1.642 | 34.97 |34.97 | 69.94 | .1820 3784 [ (180 | 178 L3416 | 8222 |1.676 | 1.840
14 | 12| 13 4.05 | 1.68 | 32.86 |40.48 | 73.34 | .2538 3341 | 1793 | l1eor | L2976 | (678 |1.739 | 1,776
!
15§ .08 | .02 4.925 1,154 | 50.40 | 7.11 | 57.51 | .03212 1 .490 03272 | .0328 | .s509 |1.216 |1.522 | 1.928
16 | los| 04 4566 | 1.204 | 47.2 |14.95 | 62.15 | .0609 4904 | .0605 | .0603 | .445 |1.106 |1.538 | 1.924
17 | .08 .05 4.435 | 1.372 | 45.43 |19.34 | 64.77 | .0730 5091 | .0739 | .0720 | .3992 |1.0536 |1.547 | 1.915
18 | o8| .06 4.245 | 1.32 | 43.26 |24.25 | 67.51 | .0838 4488 .0835 | .0832 | .3412 | .9704 [1.570 | 1.914
19 | o8| o7 4.099 | 1.225 | 39.06 |29.45 | 68.51 | .0914 3778 | 0945 | .0013 | .3121 | .1902 | 1.604 | 1.913
20 | .08 | .08 3.978 | 1.201 | 35.73 |35.73 | 71.46 | .0995 -3485 | .1000 | .0099 | .2732 | .6083 |1.635 | 1.902
21 | .08 | .09 3.853 | 1.219 | 31.37 {44.81 | 76.18 | .1094 3425 | (1075 | .1047 | .2350 | .6929 [1.673 | 1.876
22 | los| .10 3.934 | 1.158 | 26.56 |44.79 | 71.35 | .1188 2767 | 121 -120 L3314 | (6938 |1.726 | 1.863
23 | los | 11 3.861 | 1.125 | 23.33 |44.77 | 68.10 | .2047 (1708 | .1247 | .1253 | .3548 | .6210 [1.762 | 1.847
24 | los| .12 3.804  1.085 | 20.9 |44.77 | 65.67 | .2523 1033 | .1021 | .1548 | .317 | .623 |1.797 | 1.833
25 | .08 | .16 3.976 | 1.098 | 15.0 |44.75 | 55.75 | .261 0401 | .0403 | .2044 | .3465 | .677 |1.811 | 1.919
26 | .04 | .01 4.750 | 1.189 | 51.94 | 7.02 | 58.96 | .01201 | .5617 | .01300 | .01301 | .4098 |1.104 |1.547 | 1.894
27 | .oa | .02 4.429 | 1.262 | 50.14 |14.74 | 64.88 | .0249 (5695 | .0246 | .0245 | .342 [1.024 |1.554 | 1.893
28 | .04 | .025 | 4.346 | 1.242 | 49.26 |10.1 | 68.36 | .0301 .547 | .02963 | .02955{ .3012 | .9705 |1.559 | 1.893
29 04 | .03 4.216 | 1.278 | 48.28 |[24.08 | 72.36 | .0341 5554 . .0343 | .0342 | .2556 | .9184 |1.565 | 1.49
30 | .04 | .035 | 4.116 | 1.307 | a1.88 |30.22 | 72.1 10343 5579 | .0495 | .0344 | .2502 | .8902 |1.576 | 1.883
31 | .04 | .04 3.885 { 1.349 | 40.14 |40.14 | 80.28 | .0350 5788 | .0524 | .0351 | .1711 | .7636 [1.589 | 1.874
32 | 04| .05 3.934 | 1.124 | 26.57 |44.79 | 71.36 | .03075 | .4328 | .0955 | .03094 | .3083 | .7985 |1.634 | 1.869
33 | .04 | .06 3.93 | .8924| 20,9 |44.77 | 65.67 | .0321 13018 | .1066 | .0324 | .3803 | .7666 |1.685 | 1.870
34 | 04| .07 3.908 | .6943| 17.42 |44.76 | 62.18 | .0362 -2046 | .0945 | .0359 | .4235 | .7206 [1.728 | 1.875
35 | .04 | .08 3.955 | .691 | 15.0 |44.75 | 59.75 | .0399 1863 | .1053 | .0413 | .4664 | .7053 [1.764 | 1.867
3 | .04 | .09 3.921 | .5480( 13.19 |44.75 | 57.94 | .0543 ‘1169 | L0744 | .0528 | .4831 | 6627 |1.791 | 1.876
37 | 04| .10 3.921 | .5807] 11.79 |44.75 | 56.54 | .0896 .0862 | .069 0742 | 507 | .6279 |1.841 | 1.843
3 | .04 | .12 3.921 | .5760 9.74 |44.75 | 54.49 | .134 | .0207 | .0290 | .1294 | .4689 | .6408 |1.831 | 1.u94
39 | 04| .16 4.15 | .8206| 7.24 |44.75 |51.99 | .1879 i .01095 | .0108 | .2654 | .4706 | .6633 |1.838 | 1.970
40 | .02 | .005 | 4.572 | 1.385 | 52.3 | 7.0 |59.3 | .005467 .6795 | .00548 | .0055 | .30 | .9957 |1.56 | 1.878
a1 | oz | .01 4389 | 1.316 | 51.76 |14.5 |66.26 | .0106 | .633 0106 | .0106 | .2565 | .9275 [1.56 | 1.878
42 | .02 | .0125| 4.30 | 1.372| 51.23 |18.8 |70.03 | .01286 . .6658 | .01291 | .01291 | .230 | .893 |1.565 | 1.877
43 | .02 | .015 | 4.205 | 1.476 | 50.73 |23.66 |74.39 | .015 . .704 .01497 | .015 198 | L851 |1.566 | 1.875
a4 | 02 | .0175| 4.04 | 1.503 | 50.20 [29.67 |79.86 | .0168 & 715 01654 | L0165 | .148 | .7627 |1.569 | 1.872
45 | Joz | .02 3.828 | 1.51 | 41.51 |41.51 |83.02 | .0141 ¥ 8996 | .0251 | .01425| .1221 | (o) |1.577 | 1.867
524
a6 | .02 | .025 | 3.897 | 1.246 | 26.56 |44.78 |71.3¢ | .01052 | .s5654 | .0519 | .01056 | .2483 | .8182 |1.503 | 1.u66
4 | o2 | .03 3.907 | 1.08 | 20.9 |44.77 |65.67 | .00963 | 468 0692 | .00946 | 306 | .8203 [1.611 | 1.865
48 | .02 | .oa 3.915 | .849 | 15.0 |44.75 |59.75 | .00884 | .3345 | .0894 | .00874 | .3785 | .8066 |1.654 | 1.b64
a9 | .02 | -os 3.922 | .5769| 9.735 |44.75 | 54.49 | .0097 1926 | .0974 | .00974 | _4673 | 7327 |1.733 | 1.863
s0 | .02 | .08 3.908 | .3406 7.238 |44.75 | 51.99 | .0159 0921 | .0609 | .ot49 | .5217 | .654 |1.796 | 1.864
51 | Joz | lo9 3.93 | .2936| 6.42 |44.74 |51.16 | .0234 0655 | .0477 | .0233 | .542 | .632 |1.824 | 1.463
52 | .02 | .095 | 3.920 | .2727| 6.076 |44.74 |50.816 | .03367 | .04741 | .0356 | .0325 | .547 | .6104 |1.835 | 1.864
53 | .02 | .10 3.903 | .2896| 5.768 |44.74 | 50.51 | .0598 0257 | .0258 | .0478 | .536 | .6097 |1.844 | 1.861
54 | .02 | .11 3.931 | .2023| 5.238 |44.74 |49.978 | .0696 0133 | L0135 | .0657 | .522 | .6226 |1.841 | 1.888
55 | oz | .12 3.99 | .35 | 4.76 |41.5 |46.26 | .086 -00856 | .00847 | .0026 | .5217 | .641 |1.85 | 1.91
56 01 | .0025| 4.357 | 1.412 | 52.71 | 6.973 |59.68 | .00243 | .7006 | .00243 | .00243 | .2156 | .865 |[1.567 | 1.871
37 01 | .005 | 4.263 | 1.513 | 52.13 |14.49 |66.62 | .004773| .7458 | .00473 | .00474 | .1895 | .828 |1.568 | 1.871
58 |,.01 | 00625 4.20 | 1.528 | 51.93 |18.68 |70.61 | .00579 | 7515 | .00582 | .00582 | .1716 | .799 |1.568 | 1.67
so |/ .01 | .0075| 4.12 | 1.561 | 51.71 |23.42 |75.13 | .00676 { 8932 | .00698 | .00681 | .1481 | (&) [1.57 | 1.87
~637
60 o1 | .0087s| 3.99 | 1.543 | s1.52 |20.24 |s0.76 | .00756 | 1.095@) | .oo7ez | L0062 | .112 | (0 [1.57 | 1.e7
61 o1 | .ol 3.63 | 1.723 | 44.15 |44.15 |88.3 -00653 {1.564 0104 | .00643 | .0391 | () [1.575 | 1.865
-130
62 o1 | .0125| 3.804 | 1.420 | 26.57 |44.79 |71.36 | .c0420 | .es0 02492 | 00420 | .1876 | .7734 [1.579 | 1.865
63 o1 | .015 | 3.834 | 1.295 | 20.904 |44.77 |65.67 | .003514| .6155 | .0346 | .00354 | .2308 | .8195 |1.584 | 1.864
64 o1 | .02 3.882 [ 1.243 | 15.0 [44.75 |59.75 | .002926| .5762 | .0521 | .00286 [ .287 | .8573 {1.591 | 1.863
65 o1 | .025 | 3.92 | 1.051 | 11.65 |40.72 |52.37 | .00252 | .465 .06834 | .00253 | .3378 | .866 |1.608 | 1.863
66 o1 | .03 3.92 | .930 | o.686 [42.16 [51.846 | 00237 | 395 .0795 | .00237 | .366 | .8464 |1.628 | 1.86
67 o1 | .035 | 3.93 | .sse7| s.264 |42.33 [s50.59 | .oo227 | 350 20895 | .00220 | 393 | 8328 |1.e46 | 1.862
68 | .01 | .04 3.907 | .7361| 7.239 [44.75 [s51.99 | .oo228 | 288 .0902 | .oo225 | .4125 | 798 |1.67 | 1.86

®01,02, 03, and 94 are negative real parts of roots of system characteristic equations.

by, wy, w3, and w4 are the damped frequencies associated with the respective o's.

¢ In cases where there are three, rather than four, complex conjugate pairs of roots. two regative roots (a‘s) replace the fourth conjugate pair.
One of two real roots (see footnote c).
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TABLE 5. - OPAQUENESS VERSUS RADIUS OF CURVATURE FOR
VARIOUS LENS MATERIALS

Lens radius of Wire Wire Solid area
Lens . . _—
material curva_ture, P, dlameter, spacing, total area,
in. in. in. H
Material II
1 200 0.0151206010
3 000 . 0278523940
5 000 .0391527050
10 000 .0621510570
20 000 . 0986586700
40 000 . 15666108400
80 000 . 2486042500
120 000 . 3257639700
Material III
1 185 0.00034 0.04121 .0165129360
3 767 . 00078 . 05000 .0313799840
9 593 .00155 . 06000 .0518231460
19 158 . 00260 . 07000 . 0741559480
32 765 .00388 . 08000 .0970203100
50 435 .00538 . 09000 . 1195755100
72 015 . 00707 . 10000 . 1413402800
119 911 . 01049 .11800 . 1778155200
Material IV
1 201 . 00067 . 30268 . 0044102101
3 808 . 00151 . 35000 . 0086379920
9 747 . 00296 .40000 . 0147858450
20 528 . 00505 .45000 .0224597730
37 668 .00784 . 50000 .0313799840
62 463 .01135 .55000 . 0412564140
95 931 . 01555 . 60000 .0518231460
.63000 . 0583979930

120 492

.01840
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TABLE 6. - WORKSHEET FOR CONFIGURATION A, 0° TO SUN LINE

Configuration A - Synchronous (0° to sun line)

Steady-State Errors

Conditions
IL.yx = 1.82x108 glug-1t2 F = _0.1 Fi, = O 1b
D = _0.08 v 0
- - 0.8 X = - -6
we? = 52.82 x10710154 /562 l?/F = —TioE xy = 4.6 x10°
L — 675 It ngo = 0
C; = 6:.06x10"% 5 yp r - _0.512in Fy = 3.9x10°
Type of Disturbance Ref.erence Normalizing Error, deg
Figure Factor 6 | & )
1 v
1% Eccentricity gg 1_0605 0,020 1.40
_ e . B
Lt \ F' sinw '
h(ﬁ%>Fy1 sin wot 48 o | (0.48) (0.05) (0.615)
Ty = o2 49 4.46x 10 2.05°0.223% 2.74°
= X-X 0
2 —_— e
w | & .
g Cy sin 2wgt (0.26)| (0.29)
£l |Tys = 42 1.47 x 1072 o ol 0
S Iy-x W 43 0.38° 0.42
va S S - J— e e — e e = _JIF.,_......__,_,
T L 1 . , )
3 h (_z) Fy, sin wot 44 (0.055) (0.215) (0.27)
: Lo 300 45 -5.26 x 1072 S .
E o .
@ | I,y wo2 46 0.2991.13 4|1 42
_ . S _4__* RS
= 44 i f
Ty = 0 45 0 o | o
X 46 i
Lr !
Lrp
. D (300) Yo
2w |Typ = . 50 0 0 0
a3 Ix-x @g
n & — _ b
§ ‘5 Lr ' ) N
S h (W ) Fxg
Tyg = 50 0 0 0
Ix-x @2
Summation of Errors 3.78°{1.79° | 5.56°
RMS of Errors 2.1° |1.2° |3.1°
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TABLE 7. - WORKSHEET FOR CONFIGURATION A, 45° TO SUN LINE

Steady-State Errors

A - Synchronous (459 to sun line)

Configuration
Conditions
Iyx = 7:82x10%  gjug-it2 F = _0.1 Fr - 9.4x10°6
D = _0.08 F"O 6
_ ] - -3.3x10-
woz - 52.82x10-10 l-a_d/sec2 }?/F ;' gft X] = B.9 X 10
L - 6151t Fyo = 4.2x1076
cy = -6.06x10"%s1p r = _0.5121in Fy, = 2.8 x10-6
. Reference Normalizing Error, deg
Type of Disturbance Figure Factor 5 ” m
1% Eccentricity g'; 1.06° |0.020 | 1.4°
h (LL) Fy sin wgt
N 300 1 48 -9 (0.46) [(0.05) | (0.615)
T B = 49 3.2x 10
= y Ix_x “’02 1.47° |0.16° | 1.97°
n | )
S| (Cy/2) sin 2wyt 42 o |(0-26) |(0.29) .
= 0.733 x 10 o
E yS Iy-x @0 43 0.19° |0.21
g
E h (_L(%) Fx, sin wot 44 (0.055)| (0.215) (0.27)
E Tp = 45 -3.76 x 1072
@ | = Ly @02 46 0.21° |0.81° | 1.01°
O
o
C1 cos wgt 44 9
™ = 45 1.47x 10” 0.08° [0.32° | 0.40°
xS 2
IX"X wo 46
Lr !
} h (?0—0) Fy, 9 (0.33) (-0.065)
- w TyB = 3 50 4.81x 10 o 0
83 Ix-x W 1.59° |-0.31°
wn o
g ‘5 Lr [
o H h (——)Fxo (0.015)|(0.2)
o 300 -2
Tyg = 5 50 10.75 x 10 0
Ix-x @g -0.70° [2.15°
Summation of Errors 3.90° |3.36° | 4.78°
RMS of Errors (2.39) [(2.36)! (2.25)
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TABLE 8. - WORKSHEET FOR CONFIGURATION B, 0° TO SUN LINE

Configuration B - Synchronous (0° to sun line)

Steady-State Errors

Conditions
Iy = 40.305x 103 gyg-ge2 F - _0.12 Fig = © b
D = _0.10 , 6
- = 0.833 ="4.6 10-
woz = M_ rad/Secz E/F - 160.5 ft *1 %
e L = 3001t Fgo =0
c; =22.4x100 4o r - _0.145in Fy = 3.9x 108
- -
Type of Disturbance Re .erence Normalizing Error, deg
Figure Factor 9 @ v
o .
1% Eccentricity g'; 1.19° |0.14° | 1.70
h(Lr)F‘y sin wpt (0.51) |(0.08) | (0.73)
T 300/ "1 48 42.6x 1072
= O (o] (e}
.| vB L-x g2 49 21.7° (3.4 31.1
S
2| & C; sin 2
R I - 1 Sin 2w,t 49 (0. 225)(0.275)
g yS = 2 10.51 x 1072 o 0
S Ix-x Wo 43 : 2.370 (2.9
=
= Lr ! i
g h (3—06) Fy, sin wgt 44 (0.065) (0. 215) | (0.275)
2| | Tyg = 45 -50.3 x 1072
3 | o Iy @2 46 3.27° 110.8° | 13.8°
Q
o 44
™ = 0 45 0 0 0
xS 46
Lr ) F.
. (385) Fo
T" . = 50 0 0 0
g8 | vB L o2
S = X-X 0
@ g
S (335 ) o
T\ = — 50 0 0 0
Ix-x @g
Summation of Errors 28.5° (17.2° | 46.6°
RMS of Errors 22,10 [11.7° | 34.0°
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TABLE 9. - WORKSHEET FOR CONFIGURATION B, 45° TO SUN LINE

Steady-State Errors
Configuration B - Synchronous (450 to sun line)
Conditions
Iy = 40.305 x 103 glug-ft2 F = _0.12 FL. = 9.4x10-6
D = _0.10 F"O )
wn? = 52.88x10-10 rad/sec2 D/F = _0.833 x; = =3.3x10
0 24.00% 2L — h = _160.5 1t ) 6
L = _300ft Fyo = 4.2x10°°
C; =224x100 ¢ r = _0.145in. Fy, = 2:8x 106
Type of Disturbance Rt}a?f‘erence Normalizing Error, deg
igure Factor
- , 6 @ v
1% Eccentricity gg 1.19° |0.14° | 1.7°
h ﬁ) F. sin wgt
T 300/ Y1 48 3.6 x 10-2 (0.51) [(0.08) | (0.73)
= .0Xx o o o)
5 yB Ix-x g2 49 15.6° |2.450 | 22.4
o | & 3 ain 2
2 | (C1/2) sin 2wyt (0.225) (0. 2175)
£ | Tys - 42 5.25 x 1072 0
g Ix-x W 43 a0 X 1.18° [1.44°
'a - —
= Lr ! ;
§ S h (3—03) Fx, sin wgt ig 36.1 x 10-2 (0.065){(0.215) (0.275)
= XB ~ 700, 1 x 1079 19 340 |7.750 | 9.9°
@ | = | w02 46
=
C1 cos wyt 44
T)g = ———— 45 10.5x 10-2 |0.68° [2.26° | 2.89°
2
IX—X (-UO 46
h (ﬂ) F, (0. 365) [-0.083)
" 300/ Y0 -2 : :
2o Ty 3 50 46 x 10 o ol ©
8§ Ix-x g 16.8° |-3.8
woe —
58 Lr '
S & h ("366 ) Fxo (-0.083){ (0. 215)
Ty = 50 103 x 102 o 0
Ix-x @o2 -8.5° |22.1°0
Summation of Errors 29.3° [32.34°| 36.89°
| _RMS of Errors - (24.6) {(24.0) | (24.6)
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TABLE 10. - WORKSHEET FOR CONFIGURATION C, 0° TO SUN LINE

Configuration C - 2000 N.Mi. (0 to sun line)

Steady-State Errors

Conditions
Iy = 12.036 x 105 gug 112 F = _0.008 Fyo = O _1b
- D - _0.006 X0 6
-8 9 D/F = _0.75 x1 = -2.6x10°
w02 = 38.94 x 10™° ra4/sec n C Teg0f o 1 i —_—
L = _330ft 10 I
c; = -15.9x107% ) r = _0.531in. Fy, = 3:9x 10-6
. Reference Normalizing Error, deg
Type of Disturbance Figure Factor p 2 "
1% Eccentricity gg 0.8 0 0.06°
h (_I"_r_> F. sin wpt 01
300/ Y1 48 2 (0.39) (0.01)
T"B 49 0.033 x 10" 0
=7 Ix-x @g2 0.0130 0
3
2 |A Cy sin 2
CR I . 1 Sin 2wt 49 o |(0-37) |(0.015
5 = -
5 vS ey 002 13 0.0339 x 1072| | ocd 0
3
P—c Lr [ .
5 h (%6) Fy, sin wot 44 (0.005)| (0.228) (0.225
2| |Tun = 45 0.0388 x 1072
£ xB I 0.2 46 0 0.0077] 0.0076
n | X-x 0
=
44
U = 0 45 0 0 0
xS 46
Lr !
h (L5 ) Fy
oo |mn, o _\300/ 70 50 0 0 0
ﬁ 8 yB I w 2
83 X-X ™0
wn o
5 s Lr 1
S h <§66 ) Fxo
THB = 50 0 0 0
* Ix-x o2
Summation of Errors 0.83° |0.008°| 0.068°
RMS of Errors 0.018° {0.008°| 0.008°
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TABLE 11. - WORKSHEET FOR CONFIGURATION C, 45° TO SUN LINE

Steady-State Errors

Configuration C_- 2000 N.Mi. (450 to sun line)

Conditions
Iy_x = 12.036 x 106 slug-ft2 - F, = 9:4X 1075 1,
D = 0.006 - _6
w 2 - 0_8 rad/secz D/F = 0.75 x1 = '3-3 X 10
0 38.94 x 1077 h = _680ft o 6
L = _330ft Fyo = 4.2x107°
C; = -15.9x1074 ft-1b r = _0.5311in, Fy, = 2.8% 10-6
Type of Disturbance Ref'erence Normalizing Error, deg
Figure Factor 6 % v
170 Eccentricity 37 0.80 0 0.06°
38 : .
Lr \ g’ o
(395 ) Fyy S0 ot 48 ,|©0-39) (0.01)
) Typ = — 19 0.0242 x 10°2| ) 6| O 0
-x %9
S
w | A _
- (Cy,2) sin 2wyt 42 (0.37) |(0.015)
~ S = -2
5 y Loy wg2 13 0.017x 1072 | ol 0
g
3 h (3—15%) Fy, sin wot 44 5|(0.005)|(0.228) (0.225)
3 TUg = 45 0.0285 x 10~
£ xB : 0 0.0065| 0.0064
122 B v Ix—x w02 46
(@]
~ C wqt 44
1 cos
™, o= 0 45 0.034x10°2 | 0 0.008°| 0.008°
xS I 2
x-x “0 46
Lr '
o (W) Fyo _, |0-240)| 0.0D)
P 5 50 0.036 x 10 0
a3 Ix-x g 0.009°| 0
wn o
8 ’5 Lr '
of h ( 300 )Fxo 5 |(-0.0D)|(0.18)
Ix-x @
Summation of Errors 0.82° {0.03° | 0.07°
RMS of Errors 0.014° {0.017°| 0.012°
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TABLE 12. - WORKSHEET FOR CONFIGURATION E, 0° TO SUN LINE

Steady-State Errors

Configuration E-6000 N.Mi. (0° to sun line)

Conditions
I, = 2.866 x 100 qug-ft2 F = _0.02 Fr_ = 0 1b
D = _0.015 F"‘O .
2 _ -8 D/F = 0.75 x1 = -4.6 x 10~
wg? = 7.399 x 1078 rad/sec? h/ T '1 4.6 x 107
. L = _3301t Fgo = 0
C; = -10.35 x 10™*ft-1p r = _0.45 in. Fy, = 3.9x10-6
Type of Disturbance Reference | Normalizing Error, deg
Figure Factor P P v
1% Eccentricity gg 0.8° 10.02° | 0.200
h (LX) F,  sin wgt
300/ V1 0 48 ) (0.39) {(0.01) | (0.09)
Ty = Y 49 0.364 x 107% 19 149010,0049 0.033°
< x-X ¥
3 d': C i 2
2| v 1 Sin 29t 49 (0.368)( (0.053
g yS = -0.488 x 1072 o o O
S x-x ¥ 43 0.18° |0.026
!
E L ' .
5 h(_£>Fx sin wpt 44 (0.01) |(0.23)] (0.225
@ n__ \300 1 -2
2 XxB ~ 5 45 -0.43x 10 o o o
AP L, 9o 46 0.004° {0.099° 0.096
(ot
pis 0 0 0
T" 0 45
xS 46
Lr !
. " (300) Fyo
2a Ty = 5 50 0 0 0
33 Ix-x @g
o g
S& h(lJL)Fx
., 300 /X0
T)g = ————— 50 0 0 0
Iy-x w02
Summation of Errors 1.139 {0.15° | 0.33°
RMS of Errors 0.23° 01_(30 -(—)‘.106-
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TABLE 13. - WORKSHEET FOR CONFIGURATION E, 45° TO SUN LINE

Configuration E - 6000 N.Mi. (45° to sun line)

Steady-State Errors

Conditions
Iy = 2:866x 108 grug-ft2 F = _0.02 Fy, = 94X 1076
D = _0.015 \ 6
w2 = 7.399 x 1078 rad/sec? E/F - _—2635& xp = 3.3x10° 106
L = _330ft Fyo = 42x107°
Cy = -10.35x 10-%t-1p r = _0.45in, Fy = 2.8x10°°
Type of Disturbance Ref.erence Normalizing Error, deg
Figure Factor 9 @ "
1% Eccentricity g’é 0.8° 10.02° | 0.20°
h (—I£> Fy sin wgt 0.39) (0 oosJ (0. 09)
300 Y1 48 -9 (0. . .
Ty = 49 0.26 x 10 o
=17 Ix-x W2 0.1° 0 0.02
S
g |~ Cy, 2) si
2 ) (C1/2) sin 2wyt (0. 368)|(0.053
g |Tys - 42 ~0.24 x 10-2 0
S Ix-x wp 43 0.09° (0.01°
? -
E Lr ! 3 t
3 h{ =L ) Fy, sin wg 44 (0.01) [(0.23)| (0.225
@ . 300 1 -2
3 Typ = > 45 -0.307 x 10 o o
= = Ly @g 46 0 0.07° | 0.07
o
C1 cos wypt 44 9 o
Ty = —————— 45 -0.49 x 10™ 0 0.11° | 0.11
x IX-X 0)02 46
h (—Ii) F, (0.24) |(-0.01
v - 1300/ YO 50 0.391 x 10-2 0
= yB p) . X o
89 Ix-x Wg 0.09 0
w o
g ‘5 Lr '
S = h (Tso—o)Fxo g |(-0.01)[(0.18)
T)g = ———— 50 0.875 x 10 o 0
Ix-x @o2 -0.01°0.16°
Summation of Errors 1.070 {0.37° | 0.39°
RMS of Errors (125) 0.16° |0.21° | 0.13°
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TABLE 14. - SUMMARY OF STABILIZATION ERROR ANALYSIS AND TRANSIENT DAMPING CAPABILITY

Configuration A.| Configuration B. - : . :
Parameters synchronous synchronous C%%%Bu:a;:'?n c. Cogéb%urathn E,
altitude. altitude. Ltitude. Litude,
large size small size altitude. altitude.
Lens half angle, 6, degrees 10. 67 10.67 42 23.6
Lens radius of curvature,p, ft 1280 438 438 600
Lens diameter, ft 473 161.9 586 480
Tetrapod boom height, h. {t 410 160.5 680 400
Roll and pitch axis inertia. ly_x = ly.y. slug-it? | 78.2 x 10° 40.4 x 10° 12.04 x 108 28.66 x 10°
Yaw axis inertia. I,_,. slug-ft2 6.336 x 10° 2,18 x 103 2 x 106 4.359 x 10%
Package launch weight. lb 36836.7 211.5 3551.7 2256.5
Lensat orbital weight, 1b 2380.6 89.3 1771.9 1116.6
Stabilization system weight. 1b 269.1 8.3 130.1 98.9
Damper boom inertia. Ip. slug-ft2 7.82 x 10° 4.84 x 103 9.5 x 104 5.73 x 104
Damper bcom hali-length. it 675 300 330 330
|
Damper boom diameter. in. 1.024 0.29 \ 1,06 0.9
Number of orbits to achieve 95% 4.2 3.1 | 120 31
Decay Time of Transient Attitude Errors of transient decay J ! !‘
E Least-Damped Mode Time required to achieve 95'% 1 ; |
— transient decay Days ; 4.2 3.1 i 14 : 8.3
0 M
> 0 Pitch : 1.06 119 | 0.8 0.8
@ i Sensitivity to orbital eccentricity stabilization error caused by 1'¢ Roll | 0.02 0.14 i . 0.02
z w . : ; ‘ ' ' ’
g E o eccentricity of orbit. degrees Yaw ; 1.4 7 . 0.06 ! 0.2
=02, ] ; )
:1 ; ; g Stabilization Sun located in the orbital Pitch ‘ 2.1 22.1 I 0.018 0.23
S = ; o Errors Caused plane Roll | 1.2 11.7 [ 0.008 0.10
ol ) Yaw ! 3.1 34.0 | 0.008 0.10
o < by Solar I i
< = . . i : :
; S Pressure Sun inclined 459 to the Pitch { 2.3 24.6 L 0.014 ; 0.16
Turques orbital plane Roll 2.36 24.0 ! 0.017 ' 0.21
Yaw 1 2.25 24.6 0.012 13.0




Damper boom (extendible) \

I
(12

Yaw control boom (extendible)\
G

Tetrapod booms

- ————— _—— —-— =

Solar sail

RI reflecting lens

Tetrapod booms

Rim

Solar sail

Canister half and
miscellaneous hardware

Figure 1. - Schematic of lenticular satellite with gravity-gradient stabilization.
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Yaw control

Velocity -a——
vector

Sail

Damper
control

¢ = Roll angle
@ = Pitch angle
Y = Yaw angle
I Moment of inertia

X
-y of the satellite
-7z | about c.g.

N

M = Satellite mass

Mp = Damper mass

Ip = Moment of inertia of
the damper about
its center

Mg = Mass of fixed boom

Iy = Moment of inertia of

fixed boom about its
center

Figure 2. - Definitions of terms and symbols for the satellite system.
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wy = 250.22/(R + H)¥/2
7+ 4 T - — - L !
wqg = Orbital frequency, rad/sec
H = Orbital altitude, n.mi.
E) R = Mean radius of earth = 3440 n.mi.
6 - o
<
@
@
g
o
= 5 — — — -—-— —_— - — -
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~—For 24-hour orbit, wg = 7.272 x 10 rad/sec
- I D \\ \ [
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——— ]
|
0 1 2 4 6 8 10 12 14 16 18 20 22 24
Orbital altitude above earth, H, n.mi. x 1073
Figure 3. - Satellite orbital frequency as a function of orbital altitude.
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Lens lenticular angle for complete coverage. g, deg
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9 (Data based on table 1) LR

= le
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20— ! I

o, .
5 10 15 20

Orbital altitude n.mi. x 1073

Figure 4. - Lens lenticular angle for horizon-to-horizon coverage and stabilzation system
error as a function of orbital altitude.
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Synchronous orbit
condition

2000 n.mi. orbit condition

l\ Synchronous

el -—-D :
orbit

D=2p sin (9£2), satellite diameter

Low orbit / \

Figure 5. - Effect of lens radius of curvature and lenticular angle on satellite size.
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Figure 6. - Lens central half angle versus radius of curvature for various satellite

weights - lens material I. (The weight WTp, includes the lens, torus,
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Figure 7. - Lens central half angle versus radius of curvature for various satellite
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APPENDIX A

MATERIALS DEFINITIONS

Material 1

Definition. - Material I is aluminum-Mylar sandwich material, in which the face-to-
core thickness ratio, tF/tc, is optimized against buckling (refer to page 124), The optimum
value tp/tc is 0. 569, rounded off to 0.5 (as it occurs in the Echo II material) with no sub-
stantial weight penalty against buckling caused by solar pressure.

Minimum gages and material properties. - Properties and present state of the art mini-
mum gages for aluminum and Mylar are given in Table Al,

TABLE Al.- MINIMUM GAGES AND PROPERTIES OF
CONSTITUENTS OF MATERIAL I

Density Modulus of Yield Minimum
Material Ib/in 3 elasticity, strength, gage
: psi psi a
Aluminum 0.1 10 x 105 4000 0.075 mil
Mylar 0.05 -—- - 0.15 mil

(a)

The present state of the art is tg(pjy) = 0.05 mil and to(yin) = 0.15 mil.

In order to have tg/tc = 1/2, the minimum tg should be taken as 0.075
mil.

Buckling equation. - The critical buckling pressure for a sphere is given by equation

Pep = (2/p)2 JDK (ref. 7). (A1)
Using a factor 0.233 (ref. 7, p. 16), equation (Al) becomes

per = 0.933 = JDK (A2)

P
In equation (A2) the meaning of D and K is as follows:
Et
F 2 2
D = EI2 = 5 [tF + 3(tF + tc) ] (A3)
1-u (1 -u")

and

K = 2tgpE (A4)
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Substituting equations (A3) and (A4) into Equation (A2), with per = 1.3 % 1079 psi, results in
0.933 Etp2

.9 DP9 BIE
1.3x 1079 =
P24 3(1 - p2)

Unit Weight. - The weight per unit area of laminate material can be found from equa-

V4 + 8lte/tp) + 3ltc/tp)? (A5)

tion
wp, = 2wgtyp + wetce (AS6)
Noting that tc = 2ty for this material, and using u = 0.3, equation (A5) becomes

tc P

e . -8
5 ~F =173 X 10 (A7)

Substituting equation {A7) and the numerical values wg = 0.1 and wec = 0.05 in Equation (A8)
results in

0.198 x 10-8p 1b/in.2 for p >11370 in.

"L (A8)

wy, = 22.5 x 1075 1b/in. 2 (constant) for p < 11370 in.
where the limiting value p = 11370 in. was found from equation (A7) for tF = tg(min) =
0.075 mil.

Rigidization pressure. - Preliminary investigation (see also ref. 8, p. 547) indicated
that due to the low stiffness of Mylar relative to the stiffness of aluminum, the Mylar takes
only 4.6 percent of the total tensile load applied on the laminate. Hence in calculating the
rigidization pressure, the Mylar strength can be neglected. For a 4000 psi yield strength
for aluminum, the required rigidization pressure for the laminate can be found from equation

PLp
2(2tp)

Substituting equation (A7) in the last equation and solving the resulting equation for py, yields
p=105.5x 10-6 psi (constant). However, for values of p <11 370, in the thickness t is
constant (tF = 0.000075 in.) and the last equation becomes p], = 1.2/p psi. Hence

= 4000.

Pr, = %psi for p £ 11 370 in.
pr, = 105.5 x 1078 psi for p > 11 370 in. (A9)

Optimum face-to-core thickness ratio in a laminate against buckling. - The problem
here is to minimize the laminate unit weight,

w = 2tpwp + towe (A10)

for a given value of the product DK (ref. 7, page 564), where D is the flexural stiffness,
(ED/(1 - /12), and K the extensional stiffness of the sandwich material. Noting that

D = kEtp | tg® + 3(tp + tC)Z] and K = 2Ety,
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the following equation is obtained
Fy (tp, to) = tp2[tg? + 3(tp + t0)2] - A = 0 : (A11)
where A = DK/2EZ2k (const) and k is a numerical coefficient.
For minimum weight dw = 2wgdty + wedic = 0
dtc

or 2wp + WC ity - 0 (A12)

But from equation (Al11)

dte BF, /ot 4tp3 + Btplty + to)? + 6tp2ty + te)
th - aFl/atC Gth (tF + tc)

Then equation (A12) becomes

2, 2,2
(tp + te)* + 5 tp

2wy - we 1 + =0 (A13)

For aluminum-Mylar-aluminum sandwich, wg = 0.1 and wc = 0.05 Ib/in. 3 Then
equation (A13) solved for tg/tc gives ty/tc = 0.569.

The unit weight of a sphere with a radius p, capable of withstanding the solar pressure
of 1.3 x 109 psi, may be found from equation

1.3x10°9 = 9:933  pg
29

(1) For tgp/tc = 1/2 (Echo II proportion), the above equation gives ty = (1/1.516) x
10'8p, from which

w = 2tpwg + tewe = 2x (0.1) tg + 0.05 tc = 0.198 x 10-8p Ib/in. 2
(2) Foroptimum material, i.e., for tgp/tc = 0.569, the unit weight isw = 0,1978 x

10-8 1b/in. 2. which for all practical purposes is identical with Echo II material
proportions.

Material 11

Definition. - This is wire-film material with copper wires forming a woven square grid
of 21 wires per inch in both directions and 1/2-mil photolyzable film.

Minimum gages and material properties. - Refer to table A2,
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TABLE A2, - MINIMUM GAGES AND PROPERTIES OF
CONSTITUENTS OF MATERIAL II

Modulus of Yield s :
Minimum Wire
. Density, elasticity, strength, :
Material Ib/in. psi psi gage spacing
Copper 0.324 10 x 106 23 000 d=1.0mil | s = 1/21 in..
. both direc-
| tions
Photolyzable 0.038 -—- --- t=0.5mil -—
film (constant)

Buckling equation. - Using the factor 0.233 the buckling equation (refer to eq. Al) for
the present case of a wire grid material becomes

43
Per = 0.191 E sz (ref. 1, p. 104). (A14)

Substituting peyr = 1- 3x10-9 and E = 107 into equation (Al14) results in

a3 = 0.3241 p2 x 10716 (A15)
Unit weight. - The weight of wire-film material per square inch is

2
wy, = % % (0.324) + 0.0005 x 0.038 = 10.688d% + 19 x 1076 (A16)

Eliminating d between equations (A15) and (A16) yields

_P_)4/3 ] -6 1 /i 2 :
W, [1.086(1000 + 19 | x 107° Ib/in. @ for p > 5555 in.

(A1T)

29.7 x 10-8 1b/in. 2 (constant) for p £ 5555 in.
The limiting value of p = 5555 in. was found from equation (A15) for d = dpyjp = 0.001 inch.

Rigidization pressure. - The required rigidization pressure can be found from equation
PLP
2(nd2/4s)

= 23 000 (A18)

Eliminating d between equations (A15) and (A18), and solving the resulting equation for pg,,
yields

pr, = 7.711x p1/3 x 1076 psi for p > 5555 in.
(A19)

py, = 0.175873/p psi for p £ 5555 in.

where the second portion of equation (A19) was found from equation (A18) for d = dpyip =
0.001 inch.
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Material III

Definition. - This is a wire-film material consisting of aluminum wires wound on 1/2-
mil photolyzable film in the form of a square grid. Spacing and diameter of wires in the grid
are adjusted to an 8000 Mc microwave frequency, and 96 percent reflected power coefficient.

Minimum gages and material properties. - Refer to table A3.

TABLE A3.- MINIMUM GAGES AND PROPERTIES OF
CONSTITUENTS OF MATERIAL IIT

. Modulus of Yield .. Microwave
Material Der}s1t ' elasticity, strength, Minimum frequency,
Ib/in. : . gage
psi psi Mc
Aluminum 0.1 10 x 106 4000 2.0 mil 8000
Photolyzable 0.038 - - 1/2 mil -
film (constant)
R A A o Y NS

Buckling equation. - For pey = 1.3 x 10'9, the buckling equation (refer to eq. Al4) be-
comes

a3 = 6.806 ¢p2 x 10716 (A19)

Microwave frequency equation. -

roo- - 1 —— (ref. 4, p. C-6). (A20)

P
-9 s
1 +[0.1695 sf x 1077 /n <nd>]

For rp = 0.96 and f = 8000 Mc, equation (A20) becomes

sfn (:—d) _ 0.1505 (A21)

Unit weight. - The weight of the wire-film per square inch is

£<nd2
YL T g \T4

) (0.1) + 0.0005 x 0.038
(A22)

2
0.1571 d—s + 19.0 x 10-6 1b/in. 2
The unit weight wy, as a function of p can be found as follows. Equation (A21) solved for d
gives

4= - S/M
_eO. 1505/s

From this equation values of d are determined against s and from equation (A22) w is calcu-
lated. Finally, the corresponding values of p are determined from equation (A19), which can
be written in the form
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6.884s

___6.8845 8
P ="0.72575/s * 10°.

Corresponding numerical values aregiven in table X of this report.

X

weight, first the wire spacing, s, is determined for d = 0.002 inch. This is s
Then from equation (A22), Wmin = 28.7 x 10-6 1b/in. 2, The limiting value of p is 13 496

inches or 1125 feet.

To find the minimum

0. 0646 inch.

Rigidization pressure. - The rigidization pressure can be found from equation

Py P
Lz = 4000,
7d )
2( 4s
from which
_@33;‘12 si for p > 13 496 in
L, = ps psi p .
also
0.384
= =207 if < 13 496 in.
Py, 5 psifor p = n

(A24)

where the second portion of equation (A24) was found from the first with the substitution d =
0.002 inch and s = 0.0646 inch. Values of the pressure py, are also given in table A4.

TABLE A4. - CORRESPONDING VALUES OF s, d, p, wy,, and pj, FOR MATERIAL III

(10)

(1) (2) @ @ 1 ] s ) (8) [13? n Suo
0.1505 | 0.22573 s (4?:(2) [s.ggn&](; feet | d2/s ‘[VOL.1571”: (s)= =[ezI§3 x (@) | reet o _pg[;:gi].

S e S e S i in. +(3)]x 10 x 100 = (6)]x10°6| =(6)] x 10-6 TR
0.0646 | 10.278 327. 9-50 1 670255; I 0. 00200 i ;3;196 V 1—12757‘ - 96—17_92 704.0_05287 i AO. (;0(.)_0-2587 100 1200 0.000324
0.07 8.5849 | 25.154 | 0.02228 | 0.002595 19157 | 1596 96.20 | 0.0000341 0.0000316 | 200 | 2400 | 0.000162
0.08 6.5535 | 16.811 0.02546 | 0.003885 32760 | 2713 | 188.67 | 0.0000486 0.0000362 | 300 | 3600 | 0.000108
0.09 5.3227 | 12.272 0.02865 | 0,005383 50486 4207 321.96 0. 0000696 0.0000400 400 4800 0. 000081
0.10 4.5042 | 9.4949 | 0.03183 | 0.007067 72502 | 6042 | 499.42 [ 0.0000975 0. 0000433 500 | 6000 | 0.000065
0.118 3.5787 0.03756 | 0.01005 120000 10000 934.3 0.0001658 0.0000489 600 7200 0.000054
700 | 8400 | 0.000046
800 | 9600 | 0.000041
900 10800 0. 000036
1000 12000 0. 000033
1100 | 13200 | 0.000029
1125 | 13500 0.000029
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Material IV

Definition. - This material is the same as Material III, adjusted to a microwave fre-
quency of 800 Mc and a reflective power coefficient rp = 0.96 (same as in Material ITI).

Minimum gages and material properties. - Same as Material IIT (see table A3).

Buckling equation. - Buckling equation (A19) holds for this material. The microwave
frequency equation (A20) for f = 800 megacycles leads to

s\ _ )
s(n(—na) = 1.505 (A25)
Then
d = 1—%’;7 , and p = 6.884 S x 106 (A26)
e’ e2.2575/s

For d = 0.002 inch the spacing s = 0.3694 inch and the limiting value of the radius of curva-
ture p = 5638 inch = 470 feet. As a consequence, the inflation pressure for p S470 feet, (as
determined from the first portion of eq. (A24),is

0.068 .
PL =5 1b/in. 2 (A27)

Unit weight. - Equation (A22) for the unit weight, and the first portion of equation (A24)
for the inflation pressure (for o >470 ft) hold for this material. Corresponding values of s,
d, p, wr, and pg, are given in table A5.

Summary. - Table A6 summarizes the results of this study for the four lens materials
considered, and figures Al and A2 graphically show these results. In both figures the dashed
lines represent the weight or pressure variation versus lens radius of curvature when mini-
mum material gages are considered as defined above.

TABLE A5 - CORRESPONDING VALUES OF s, d, p, wi,, and pj, FOR MATERIAL IV

S L N il (3 (4) 5 (6) (1) (8) 9) | (10)

| o d. = pfin.] = 2 wL[l.b/i—n",ﬁz ”W P o pL.[psi]
s ! L1505 | 22975 | s | (=@ | (8884 %W P | d4Y/S g yery (e | - [e283x(8) | feet | n. | =008
e S e S W in. (3] x 10 feat x 106 | =(6)]x 10_(,) +(6)]x 10-6 3
0.3694| 58.810 ;f;l.Oé -0. 1176 0. 00200 - 5638. 4;0 iO..a—:; 0.0000207 0.0000121 100 | 1200 0.0000567
0.40 43.393 282.63 0.1273 0.00293 9743 812 21.46 0.0000224 0.0000138 200 | 2400 0.0000283
0.45 28.333 151.00 0.1432 0. 00505 20515 1710 56.67 0. 0000279 0.0000174 300 | 3600 0.0000189
0.50 . 20.287 91. 402 0.1592 0.00785 37658 3138 123.2 0.0000384 0. 0000206 400 | 4800 0.0000141
0.55 ' 15.425 60. 649 0.1751 0.01135 62428 5202 234.2 0. 0000558 0.0000236 470 | 5638 0.0000121
0.60 12.280 42.578 0.1910 0.01555 97008 8084 403.0 0.0000823 0.0000261
0.63 10.902 35.991 0.2005 0.01839 120500 10042 536.9 0.0001033 0.0000280
[N N . U D . o
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TABLE A6.- WEIGHTS AND RIGIDIZATION PRESSURES FOR
FOUR TYPES OF LENS MATERIALS

Item

Material I
(a)

Material II
(b)

Material III

(c)

Material IV

(d)

Minimum gages

Aluminum tp = 0. 075 mil

Copper wire diam

Aluminum wire diam

Aluminum wire diam

vature corresponding to
minimum weight

Rigidization pressure
corresponding to
minimum weight

105.5 x 1075 psi

136.6 x 10-6 psi

(1) p. radius of curva-
ture

(2) wy, weight of lens
material, lb/in.

x 106

(3) pr,, rigidization
pressure, psi x
106

28.8 x 10-6 psi

12.1 x 1076 psi

Mylar tc = 0.15 mil dmin = 1.0 mil dmin = 2.0 mil dmin = 2.0 mil
Minimum weight 1b/in. 2 | 22.5 x 1076 29.7x 106 28.7 x 10-6 20.7 x 10-6
Maximum radius of cur- | 947.5 ft 463 ft 1125 ft 470 fit

w[eo]le (ool o e o e [®
100 22,5 | 1000 100 | 29.7(632.3 100 28,7 | 324 100 20.7 57
300 333 300 | 29.7|210.8 200 28.7 162 200 | 20.7 28
500 200 463 | 29.7|136.6 300 28.7 (108 300 20.7 19
700 142.9 700 | 37.5[156.7 400 28.7| 81 400 20.7 14
947.5 22.5 105.5 850 | 43.0]167.2 500 28.71 65 470 20.7 12
1000 23.8 105.5 1000 | 48.8|176.5 600 28.7| 54 812 22.4 14
2000 47.5 105.5 2000 | 94.2(222.4 700 28.7| 46 1710 27.9 17
3000 71.3 105.5 3000 | 148.1 | 254.6 800 28.71 41 3138 i 38.4 i 21
4000 95.0 105.5 4000 j208.4 ) 280.2 900 28.7! 36 5202 ; 55.8 24
5000 118.8 105.5 5000 {272.7 [ 300.2 ) 1125 28.7: 29 8084 : 82.3 26
6000 142.6 105.5 6000 | 344.3 {320.8; 1596 34,1 32 10042 {103.3 28
7000 166.3 105.5 7000 1418.5|337.7! 2713 48.6 | 36 E
8000 190.1 105.5 8000 [496.4 | 3563.1 | 4207 69.6 ( 40 '
9000 213.8 105.5 9000 {577.5|367.2 6042 97.5] 43
10000 237.6 105.5 | 10000 [661.8 |380.3 ] 10000 |165.8 [ 49 J

°Aluminum—Mylar-sandwich in the proportion of Echo IT material.

bWire-film material with 21 copper wires per inch in both directions and 0. 5-mil photolyzable film.

€ Aluminum wire-1/2 mil photolyzable film for an operating frequency of 8000 Mc and a reflected
power coefficient of 0.96

dAIuminum wire-1/2 mil photolyzable film for an operating frequency of 800 Mc and a reflected
power coefficient of 0.96
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SURFACE AREA, VOLUME, AND MASS MOMENTS OF INERTIA OF LENS,
TORUS, AND RIM, AND SECTION PROPERTIES OF RIM

1

p
N

N
I~

. .
‘<———R——'ri——
' !

Moment of
inertia about
zZ-axis

Moment of

inertia about
X-axis

2/31Tp3 (1 - cos 6)2 (2 + cos 8)

4/3rp4my,(1 - cos 6)2(2 + cos 6)

2/311p4mL( - cos 0)2 (4 - cos 8)

o2 p2 (R+71)

472r3mp (R + r)x

[(B1)* v are]

T ’ ) / X
/
p
6
Rim
Lens Torus (beryllium;
Properties (two caps) density = 0, 297 1b/in.3
(a) ; (b) (<)
Surface area | 4np2 (1 - cos 6) 4712r (R + 1) Actual developed area

13.160 Rhy

Actual material volume
13.16 RhRty

13.16 R3hgmp

9 2 3 (R )
[n(—é—. :I;)T 2 ++5;2}]

3
6.58 R hpmp

GmL

me
<
mp

lens mass per unit surface area

mass of torus unit surface area

0.297t, (mass per square inch of rim material)
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Cross section area A = 2.0944 hptp
I, =0.17314 hpdtg

Moments of inertia
I, = 0.01437 hgdty

Torsional stifiness J = 0.03429 hg3tg

RIM CROSS SECTION

T

e
2

;
a4

( QUARTER CROSS SECTION )
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APPENDIX C

UNIT WEIGHTS OF LENS AND TORUS MATERIAL, MATERIAL VOLUME
PER SQUARE INCH OF LENS MATERIAL, AND RIGIDIZATION

PRESSURES FOR FOUR TYPES OF LENS MATERIAL
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UNIT WEIGHTS OF LENS AND TORUS MATERIAL, MATERIAL VOLUME PER SQUARE INCH OF LENS MATERIAL.
AND RIGIDIZATION PRESSURES FOR FOUR TYPES OF LENS MATERIAL®

'

Unit weight. b in.2

1
¢ Lens rigidization

T

Material

{p £ 5640 in.)

(p £ 5640 in.)

(p £ 5640 in.)

(p £ 5540 in.)

Minimum gages . pressure volume per sq in.
Material Description ¢ establishing the Lens. WL Torus PL ol lens ‘:nmeginl
' . limiting value of p Film on | Film off wT (psi) (in.d)
1 Al - Mylar- Altp=0.075mil  0.198p x 10-8 0.198p x 1078 _ 0.001164ajay pcos 9, kT "105.5x10-6 | 2.6385px 10"8
Al sandwich in the Mylar t¢ = 0.15 mil {p >11 370 in.) (p >11370 in.) (p>11 370 in.) (P >11 370 in,) . (p>11370in.)
proportion of Echo II ) |
material 22,5 x 10-6 22.5x 106 (13.24a1a cos@kT 1.2p ) 2.00 x 1074
(p£11 370 in.} (p 11370 in.) ‘ (p €11 370 in.) ({p £11370in.)  (p£11 370 in.) '
. I . .
m Wire film material | Copper wire diam - ll 086 (L)‘Vﬂ 19]Y 10°5] 1 ose(L)4’3x 10-6 | 0-00008508a;a90 ¥ cos 6 k! 7.711p! 3 x10-6 0.0005+ 3,3538p%-3x 10-10:
with 21 copper wires d = 1.0 mil ' 1000 ' 1000 ’ l (p> 5555 in.) (p >5555 in.) {p >5553 in.})
per inch in both direc- (p >5555 in.) 1 {(p>55551in,) .
tions and 0. 5-mil ' ! !
1 photolyzable film 29,7 x 106 ''10.7 x 10-6 " 8.371ajay cos 8. kp 0.75873p . 0.000533
' (p £5555 in.) l (p £5555 in.) (p £ 5555 in.) (p £5555in.) . (p £5555in.)
. ! .
1 ‘Al wire - 1/2-mil Al wire diam a2 1B a2 69 320a;22d2 cos 8. (kns) 62832, ps g —
. photolyzable film for e -"2.0ma 0.1571 - + 19 x 10 0.1571 =5 (p >13 496 in.) T (p >13 496 in.)  0-0005 - 01391 575075
an operating frequency (p>13496 in,) (p >13 496 in.) . ‘ {p >13 496 in.)
| of 8000 Mc and a re- i ‘ !
flected power coef- 28.7x 1076 9,7x 1078 (4.237a1ag cos @), kT 0.384 p 1 0,0005973
ficient of 0.96 (p 213 496 in.) (p £13496 in.) (p £13496 in.) (p£13496in.) | (p £13496 in.)
1\ Same as material I | Al wire diam 0.15712 4 19 x 10-6 0 151 &2 | 68320212502 cos 6/ (ks) 6283d2 ps 0.0005 - 0.1391s o 2:0L
with f = 800 Mc d = 2.0 mil : s . ) s (p >5640 in.) (p > 5640 in.) {p > 5640 in.)
(p > 5640 in.) (p>5640 in.) P '
20.7 x 10-6 1.7x 106 (0. 752 2y c0s 6}, ke 0.068 p 0. 0005159

(p £ 5640 in.)

the smaller values of g in all four lens materials correspond to the minimum lens material gages.

% In this table the minimum material gagespresented in the main text were considered. The quantities associated with
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APPENDIX D

WEIGHT AND MASS MOMENTS OF INERTIA OF LENS, TORUS,INFLATION SYSTEM,
AND CANISTER VERSUS LENS RADIUS OF CURVATURE AND CENTRAL HALF
ANGLE FOR VARIOUS LENS MATERIALS

r

This appendix contains the digital computer output for four types of lens materials and
for various values of the parameters of the lens radius of curvature, p, and the central half
angle, 6 . Thedata consists of the weights of the lens, torus, inflation system, canister, and the
combined weights of these four components; canister volumes; mass moments of inertia of
photolyzed lens about the x (roll) and z (yaw) axes; and combined mass moments of inertia of
unphotolyzed lens and torus about x and z axes. The data is presented in table D1.

The numerical values for these parameters were chosen from considerations of altitude,
coverage, and information capacity of the satellite. Thus p was taken from 100 to 10 000 feet
and 6 (lens central half angle) from 8 to 56 degrees. It should be noted that for lens materials
IIT and IV it was more convenient to assign values to the wire spacing, s, rather than arbitrary
values to the lens radius, p. This was due to the transcendental form of equations relating the
quantities d, s, and p. This explains why the values of p for materials IIT and IV in the com-
puter output appear to be odd numbers. The symbols used as column heads are explained
below.

M Lens material type (1 stands for material I, i.e., for the Echo II
proportion laminate; 2 stands for II, etc)

RADIUS Lens radius of curvature, p, inches

TH Lens central half-angle, 6, degrees

LENS WT Lens weight, W1,, pounds

TORUS WT Torus weight, WT, pounds

INF SY WT Inflation system weight W1, pounds

CANIST WT Canister weight, W, pounds

TOTAL WT Combined weight of lens, torus, inflation system, and canister, pounds

X INRT ON Combizned lens (film on) and torus pitch or roll moment of inertia,
1b-ft

Z INRT ON Combined lens (film on) and torus yaw moment of inertia, 1b- ft2

X INRT OFF Comb12ned lens (film off) and torus pitch or roll moment of inertia,
Ib-ft

Z INRT OFF Combined lens (film off) and torus yaw moment of inertia, Ib- £t2

VOL OF CNST Canister volume, cubic feet

Following ‘Table D1 is a series of 40 graphs, which can be thought of as four groups with
ten graphs per group. The four groups represent the four lens materials, and the graphs for
each group are plotted to give the dependent variable (ordinate) against p (abscissa), for various
values of 6 (family of curves). The dependent variable for each group is (1) lens weight; (2)
torus weight; (3) inflation system weight; (4) canister weight; (5) sum of weight of items 1
through 4; (6) canister volume; (7) Ix_x of unphotolyzed lens and torus; (8) I,_, of unphotolyzed
lens and torus; (9) Ix.x of photolyzed lens and (10) I_, of photolyzed lens, The 40 graphs
are presented as follows:

Material I - figures D1 to D10 Material IIT - figures D21 to D30
Material IT - figures D11 to D20 Material IV - figures D31 to D40
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APPENDIX D -

TABLE D1. ~ DIGITAL COMPUTER DATA

M RADIUS TH LENS WT TORUS WT  INF SY WT  CANISTWT TOTALWT X INRTON Z INRTON X INRT OFF Z INRT OFF VOL OF CNST

1 120U, He  4.184E-U] _ 2.71RC-01  1.048E-01 1.371E-01l 9.961E-01  4.B7BE_Ol _9.724E 01 2.052k 01 4.059€ 01 _ 3.713€E-C2
1 1206, 16.  1.665F=00 1.036E-0U 6.349L-01 5.325E-01 3.883E~00 7.502€ 02 1.4B3E 03 3.267E 02 6.368E 02 1.442E-01
T 1200, T 24. 3.TLTE-U0 ~ 2.1736-06 1.342E-007 '1.140E-0D  'A.372E-00 3.561€ 03 6.934E 03 1.653¢ 03 3.121€ 03 3.087e-01
t 120u. 320 6.533E-0U _ 3.624£-00 2.184£-00 _1.893E-00_ 1.403E 01  1.032f 04 _1.962€ 04 5.215E 03 9.424E 03 _5.125t-01
1 120U.  4U.  1.0UBE L1 4.530&-00 3.045£-00 2.712E-00 2.037k Ol 2.266F 04 43164k 04 1.268E 04 2.170E 04 7.343E-01

" 6.313E-00 3.811E-00 3,.520E-00 2.687€ G1 4.170E 04 7.300E 04 2.613FE 04 4.188E U4 9.530E-U

& 1200, 4aB. 1.422E O

A 1200, 6. _ 1.895E UL 5.526E-00 4.3926-00 4.253E-00 3.312E 01 6.806E 04 1.116E 05 4.791E 04  7.126k 04 1.151E-CO
1 30Uu. 8. 6.537E-00 4.3U9:-00 2.5756-00 2.143E-00 1.556E Ol 4-763E 03 9.49CE 03 1.995E 03 3.964E 03 5.A01E-Cl
T T300uTT Te. 2.60ZE UL CI.641E 01 9.92[E-00 8.3206-00 6.067E O1 7.326E 04 1.44HE 05 3.191€ G4 6.219€ U4 2.2526-00
] 300L.  24. _5.BUTE Ol 3.3958 Ol 2.097 01_ 1.782E Ol _1.308E 02 _3.477c 0% 6.771t 05_ 1.614E 05 3.048E 0> 4.824E-00
1 3000. 32. 1.02)1E 02 5.35%0F 01 3.413E Ol 2.958E 01 2.193E 02 1.008E 06 1.9Y1CE 06 5.U92E 05 9.203E 05 8.009E-G0
U 300u. 4U. 1.572E 07 7.170F 01 4.757t Ul 4.238E 01l 3.182F 02 2.213t 06 4.067t 06 1.239E 06 2.119€ 06 1.147E 01
1 3000, 4B8. _2.223E 02 B8.301€ 0l 5.954t 01 5.500E Ol 4.198E 02 4.072E_ 06 __T.124t 06 2.531E 06 4.089E 06_ 1.489E 01
1 300u. 5. 2.9L1E 02 H.634E° 01 6.H62E Ol 6.648E 01 S.175E 02 6.647E D& 1.089E 07 4.678€ 06 6.959E 06 1.799€ Cl
T 500U.  B. 3.027E Ol 1.995C 01 1.192t U1 9.920E-00 7.205E N1~ &.126E 04 1.221c 05 2.565¢ 04 5.097E 04 2.6B6E-00

i3

05 1.863t 06 4.103t_05 7.998E 05 _1.043E Cl

1 5000. le. 1.205€ 02 _7.575& 01 4.593E Ol 3.852E Ol 2.809E 02 _ 9,42

i 500L. 24. 2.689E U2 1.572€ 0z 9.7006€E Ol 8.250E OF 6.056E 02 4.472E 06 B.70RE 06 2.07G6E 06 3.919E G6 2.233E 0l

1 5600, 32. 4-T2LE 02 7.477E 02 1.580€ 02 1.370E 02 1.0156 03 '1.296E 07 '2.%464¢ 07 6.549t 06 1.184E 07 '3.708E ol
500U, 4U.  T.276E U2 3.292E 02 2.202E 02 1.962E 02 1.473E 03  2.846€ 07 _5.230E 07  1.593t 07  2.725E 07 5.312E_Cl

500u., 4B. 1.029E u3  3.843E 02 2.757E 02 2.546E D2 1.944E 03 5.237€ 07 9.168E 07 3.28lE 07 5.259E 07 6.894E (1

[ 500U. 6. 1.371E 03 3.997€ 02 3.177E 02 3.,077€E 02 7.396E 03~ B.548E 07 1.401€ O8 6.0l6k 07 B.950c 07 8.329E U1
_T<936E 01 5.764E 02 1.960E 06 3.908E 06 R.208t 05 1.631E 06 _ 2.149E_Gl

1 10006. 5, 2.421E U2 1,596k 02 _9.536t 0

] 1000u. 16. 9.638BE U2 6.076k 02 3.674E 02 3.08l1E 02 2Z.247E 03 3.015¢ 07 5.960FE 07T 1.313E 07 2.559E 07 8.342E 01

1E 08 2.787c 08 6.643E 07 1.254E C8 1.787E 02

4.845E 03 1.4

-
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v
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v
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o)
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L 10000, 2. _3.780E 03 1.931E 03 1.264c 03 1.096E_03 B8.121E 03  4.147€ 0B 7.A86E OB 2.096E 0A 3.7R7E OR 2.966E C2

1 1000U. 4U. 5.821FE 03 2,633k 03 1.762E 03 1.570E 03 1,179E 04 9.108t N8 1.673L 09 5.097E 08 BR.719E OB 4.249E C2

2.205€E 703 2.037€ 03 1.555E 04 1.676E 09 2.934t 09 1.050€ 09 1.683F 09 5.515E G2
.917

T 10000. 4b. 6.232€ 03 3.075C 03
917E 04 2.735E 09 4.%B3E 09 1.Y25t 09 2.864E 09 6.663E 02

I 10000. 6. 1.07E U4 _3.178E 03 2.542E 03  2.461E 03 _1.917F

1 20000, Ba 1.937E 03 1.277E 03 7.629c 02 6.349E 02 4.611E 03 6.273E 07 1.251t 08 2.627E 07 S5.219€ 07 1.719E w2

U Z000U. 1o. 7JTLOE 03 4.8618 05 2.939k 03 2.465€ 03 [.798F 04 9.6%47E 08 1.907¢ 09 4.202F 08 "8.190E 08  6.6T4E €2

S7Y9E_0Y 8.917E 09 2.126E 09 4.013E 09 __1.429¢ 03

| ¢000u. 24, 1.721F 0% _1.006E 04 6.212E 03 5.280€ 03 3.876F 04 4

i 2000u. $2. 3,024C 04 1.5RS5€ 04 1.011E 04 8.765E 03 6.497E 04 1.327t E0 2.523€ 10 6.706t Q9 1.212c 10 2.373€ 03

y 2000U. 40. 4.637€ U4 2-.107E 04 1.410t 0& ~1.256E 04 9.428E 04 2.914E 10 5.355E 10 1.631E 10 2.790€ 10 3.399E C3

<

1 7000u. 4B8. 6.5Y5E U4 2.4060E 04  1.764E 04 1.630E 04 _1.244E 05 5.363E 10 _9.388E 10 3.360E 10 5.385E 10 4.412€ 03

1 2000u, 6. A,774L U4 2.558E 04 2.033: 04 1.769E 04 1.533E 05 E.T53F 10 1.435t 11 6.161E 10 9.165¢ 10 5.331E (3

T6.103E 03 5.079E 03 3.6BYE 04  2.067E 09 4.002E 09 B.405E 08 1.670FE 09 1.375E 03

17 %0000, 8.7 1.550E ve T 1.0

| 400Ub. 1é.  6.168E G4 3.8B9E 04 2.352€ 04 _1.972E 04 1.438E 05_ 3.087E 10 6.103E 10 1.345¢ 10 _2.621& 10 5.339€ 03

1 4000u. 24. 1.377€ U5 B.047C 04 4.97ut 04 4.224E 04 3.101lE 05 1.465E 11 2.853E Il 6.802E 10 1.284E 11

T %000u.  s2. 2.419E U5 T1.2¢RE 05 B.GBYE 04 7.GL2E 04 5.198E U5 4.246E 11 B.075E 11 2.146€ 11 3.878E 11

_4U00G. 4G, 3.72%E U5 1.6F%E 05 1.12RE 05 1.005E 05 7.543E G5 9.326€ 11 1.714k 12 5.219€ 11 8.929t 11

1 4000u. 48. S5.268E U5 1.908E 05 1.411E U5 14304E U5 9.951E 05 1.716E 12 3.004E 12 1.075€ 12 1.723E 12

1T 7R0000. V6.  70019E 05 2.067E 05 1.627E 05 1.575F 05 1.227E Db 2.RO01E 12 4.591F 12 1.971E 12 20933F 127 4.265¢ ©C4
1 50000, _ B, 1.240E U5  8.170C 04 4.5630 U4 4.063E U4 2.951E U5 6.423E 10 1.281€ 11  2.690E 1u  5.345E 10 1.100E 04

i £OOOU.  16. 4,935F 05 3.111E 05 1.881E 05 1.578BE 05 1.150E 06 9.B79E 11 1.953C 12 4.303E 11 8.3R6E 11 4.271E 04

1 L000J. ~ 24. 1 1ULL U6  6.438E 05 3.976E 05 3.379FE 05 2.48lE U6 4.68B3E 12 9,131t 12  2.177€712 "4.110€ 12 "9.148E 04
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APPENDIX D

TABLE D1. - DIGITAL COMPUTER DATA - Continued

M RADIUS TH LENS WT TORUS WT  INF SY WT  CANISTWT TOTAL WT X INRTON  Z INRT ON X INRT OFF  Z INRT OFF VOL OF CNST

! E000u. 32, 1.936E U6 1.0l4r 06 6.4TLE 05 5.610E 05 4.15HE 06 _1.359E 13 2.584E 13 6.867E 12 _1.241E 13 1,519E €5

1 bU00N, =U. 2.98UE V6 1.348E 06 9.021t US 8.036E 05 6.034E 06 2.984E 13 5.484E 13 1.670E 13 2.B57E 13 2.170E C5

U AGONL. &r. 4.215F 06 ~10874E 067 1.129E 06 1.043E 06 7.961E 06 5.492E° 13 9.613E 13 3.441E 13 5.514€ 13 ~2.824E C5

o

]
1 EU0OL. 6. 5.615E 06 1,63TC 06  1.301i U6 1.260E 06 9.814E ub _B.963E 13 1,469t 14

-309E 13 9.385E 13 3.412E 05

I 1zU00u. da  4.194E U5 2.758E 0% 1.648E 05 1.371E 05 9.9461E 05 4.878L 11 9.724E 11 2.042E 11 4.099E 11 3.713E 04

¥ 1200GL. 16. 1.665E 06  1.00L0E 007 6.349E 057 '5.325E 05 3.883E 06 7.502E 12 1.%83t 13 3.207€ 127 6.368E 12 1.442t CS

| 1200u.  24.  3.TL7E_ ub _ 2.1{3F 06 1.342k 06 _1.140E 06 8.372E 06_ 3.561t 13 6.934E 13_ 1.653€ 13

3.121€ 13 3.087E_05

1 12000.. 32 G.533FE U6 3.424F 06 2.184c 06 1.893E 06 1.403E 07 1.032E 14 1.962t 14 5.215E 13 9.424E 13 5.125E 05

140000, 4G. 1.006E 07 4.55CE 06 3,045 06 2.712c 06 2.0387E 071~ 7

266E 147 4,164k T4  1.266€ 15 2.170E 147 7.343E 05

I 1200uu. %B._ 1.422E 0

5.313E 06 3.811E 06 3.520E 06 2.6BTE 07_ 4.170FE 14 7.300E 14 2.613E 14 4.188E 14  9.530E_05

1 12000u. %6. 1.A950 L7  ..526Z 04 4.392E U6 4.253k 06 3.312E 07 6.806E 14 1.116E 15 4.791E 14 7.126E 14 1.151€E vs

1206, ~ #. 73.590E-U0 2.142c-01 1.2606-01 1.009E-00 4.941E-00" 1.972€ 02 ~3.922e 02 1.190t 01 2.366t 01 2.733E-01
: 120L.  16. _1.629E Ul AR.1U5E-01  4.931E-01 _4.008E-00 1.961E O} 3.132E 03 6.120E 03 1.904E 02 3.712E 02 _ 1.085E-00
M 120u. 24 3.1K9€ Ol 1.6+8c-00 1.042E-00 8.907E-00 4.353E Ul 1.566F 04 2.973L 04 9.634€ G2 1.819€ 03 2.4116-00

> 1200, 32. 55,6058 U1 2.6595-00  1.696€-00 1.557E 01 7.597€ 01 4.870E 04 B.877TE 04 3.U39E 03 5.493E 03 4.215E-00
K 1200, 40._ 8.630E Ol 3.534E-UU_ 2.3656-00 2.381E Ol 1.160E U2 1.166E 05 2.016k 05 7T.392F 03 1.265E 04 6.447E-CO
N 1200, 4be 1.220k U2 4.12063-0U 2.9600-00 3.343E UL 1.626E 02 2.362E 05 3.834E 05 1.523E 04 2.441E 04 Y.051E-00

2 1200. 6. 1.620E L2 4.2926-00 3.6411E-00 4.420E 01 2.145E G2 4.266E 05 6.427E 05 2.792E 04 4.154k 04 1.197E 01

B 300U, 8. 2.60AE Ul 4.562E-00 2,714:-00 7.3306-00 4.067E Gl 1.087E 04 2.164E 04 1.578E 03 3.135E 03 1.985E-00
’ 3000, 16. 1.038FE 02 1.729c Ol 1.046E Ol 2.896E Gl 1.60%E 02 1.709E 05 3.352E 05 2.524E 04 4.920E 04 7.840E-CO
¢ 300C . Za. 23176 U2 3.579E 01 2.210E Ol 6.3B4E Ul  3.534E 02 £.403E 05  1.608E 06 1.277€ 05 2.4I1t 05 1.728e 0T

300L.  32._ 4.012E 02 5.639E Ol 3.597E Ol 1.104E 02 _6.1008 02_ 2.557€ 06 4.721E_U6 _4.028E 05 7.280& 03  2.986E_Ol

/ 300¢. 4U. 6.270E u2 7.495E Ol 5.015 01 1.666E 02 9.187E U2 5.968E 06 1.051t 07 9.798E 05 1.676E 06 4.S10E Cl

300u. 4t. B.868E 02 H.790E O1 6.276E 01 2.304E 02" 1.2678 U3 1.17BE 07 1.952¢ 07 2.018E 06

K 300.. 6. 1.18l1E U3 3.1C1E Ol T.234E Ol 2.998E 02 1.645E 03_ 2.074E 07 3.191E O7 3.70lE 06 5.505E O6_ 8.115E OL
2 500u.  B. B.64TF Ul  2.493E Ol 1.490F Ol 2.429E Ol 1.506E 02 1.17BE 05 2.345& 05 2.406t 04 4.780E 04 6.576E£-CO
2 5000, l6. 3.442E°0Z 9.4942k 01 5.740E 0Ol 9.567E O1 5.9208 02 1.A37E 06 3.612€ 06 3.849E 05 7.50IE 05 2.585t GI
2 500U. __24. _7.642E 2 1.964E 02 1.c13E 02 _ 2.U87E 02 1.2736_03 B8.924E 06 1.718€ 07 1.947E 06 3.676F 06  5.651E 01
> 500u. 32. 1.3508 03 3.095t 02 1.974k 02 3.56RE 02 2.214E U3 2.671E 07 4.9RLE 07 6.142E 06 1.110k 07 9.660€ 01
2 500U. 4u. 2.079€ 03 & Jil4E 02 2.753E 02 5.310E 02 3.297E 03 6,116k 07 ~1.091E 08 1.494E 07 2.556E 07 1.438E 02
2 500us 48. 2.940E_03 4.BU3E 02 3.445F 02  7.225E 02 4.487E 03_ 1.182E 08 1.991E 08 _3.078€ 07 _ 4.932E 07 _1.956E G2
2z 5000. 26. 3.917F 03 4.9960 02 3,971E 02 9.231E 02 S5.736E 03 2.035E 08 3,189t OB 5.643E 07 8.394E G7 2.499E 02

» 100060 8a  5.1d5& U2 2.513F 02 1.502E 02 1.455E 02 1.065E 03~ 3.550t 06 7.076E 06 9.700t 05 1.927E C6 3.939E 01

¥ 1000u. 16. 2.064k 03 _9.368E_ 02 _5.T86t 02 5.669E 02 4.166F 03_ 5.4B9E 07 1.083E 08 1.552€ 07 _3.024E_07 1.535E 02
¢ 100Lu. 24. 4.606E 03 1.980c 03 1.223E 03 1.221E 03 9.030FE 03 2.629E 08 5.097E 08 7.850€ 07 1.482E 08 3.307€ @2

; 1006u. " 32. 8.095F 03 3.120£ 03 1.490t 03 2.046E 03 1.525€ 04  7.714E 06 1.456E 09  2.476E 08 4.475€ O8

2 10006. 40. 1.246E 04  4.1%7E 03 2.T74E 03 2.965E 03 2.235F 04 _1,723E 09 3.128E 09 6.023E 08 1.030FE 09 B8.026E 02

< 1000U. 4b. 1-763E 04 4.841C 03 3.472E 03 3.305E 03 2.985E 04 3.233E 09 5.572E 09 1l.241E 09 1.989E 09y 1.057E 03

2 03 6.002t 03 4.BOSE 03  3.733E 04 5.357¢ 09 '8.680E 09 2.275E 09 3.384E 09 1.301E 03

¢ 1000u. 56, 2.

2 Z000uL. m. 3.8L3E U3 2.533Z 03 1.514t 03 1.069€ 03 8.929E 0 .240E 08 2.472E 08 _ 3.911€ 07 7.771E 07 _2.894E O

b 2000u. lu. 1.518E 04 Jj.644c 03 5.831E 03 4.132€ 03 3.479€ 04 1.907E 09 3I.TT70E 09 6.256E 08 1.219E 09 1.119E 03

7 000U, 24. 3.3YBE 0% 1.996E 04 1.232E 04 BJI7B2E 03 7.494E O4 9.049E 09 1.762€ 10 3.1565E 09

S 2000G. _32. _5.924E 04 _3.145E 04 2.U06E 04 1.441E 04 1.255E 05 2.621E LU 4.9RGE 10_ 9.984E 09
7 <DODuU. 4U. 9.16TE V4 4.179c 04 2.796E 04 2.033E 04 1.BLBE 05 5.755€ 10 1.058E 11 2.428E 10 4.154E 10 $.504E 03

/ 2G00L. 4us 1.236E 05 4.BFOE 04 T3.500E U4 2.585E 04 2.393E 05 1.0598 11 1-.854E I1 5.003E 10 8.



APPENDIX D

TABLE D1. - DIGITAL COMPUTER DATA - Continued

M RADIUS TH LENS WT TORUS WT  INF SY WT  CANISTWT TOTAL WT X INRTON  Z INRTON X INRT OFF Z INRT OFF VOL OF CNST

L6 1.T2TE

30755 04  4.u34E 04 3.043E U4 2.942E 05_ 1.7276 11 2.831k 11 9.172E 10 1.364E 11 8.238E C3

te 3.279F U4 2.5303E U4 1.320u 04 9.186E 03 8.276k 04 4.692F 09 9.358E 09 1.577€ 09 3.133E 09 2.487E G3

2 4000U.  16.  1136SE 05 JiT¢UE 04 5.878t 04 3.532E 04 3.218E 05 7.T97E 10 1.424E 11 2.522E 10 4. 916E 10 "9.563€ U3

2 4U00u. 24. 2.913F U5

2.011c 05 1.242t U5 T.440E 04 6.910E 05 3.400E 11 _6.637E 11 1.276€ 11 2,409t 11 _2.014E C4
2 4000u. 32. 5.119F U5 3.LJ0E 05 2.022E 05 1.205E 05 1.152E U6 9.7B6r 11 1.869t 12 4.025€ 11 7.274E 11 3.261E U4
2 40000. 4u. T.832c U5 4.213F Ov 2.419E 05 1.667E 05 1.658E 06 2.130E 12 '3.939E 12 9.791€E 11 1.675E 12 4.513E 04

115E 06

I18E .05 3.526t 05  2.C65E 05 2.166F U6  3.RT6E 12 6.845F 12 2.017E 12 _3.232

.m

12, 5.591E G4

2 4000U. _4b. 1

2 40000. 56. 1.485E 06 2.115c 05 4.06o0k 05 2.347E 05 2.638E U6 6.243E 12 1.035E 13 3,6938E 12 5.501k 12 6.354t 04

50000 . 8. 3.079E 05 2.573E 05 1.538F U5 A.623E 04 8.052E 05 1.BA3E 11 3.675E 11~ 60357 10 I1.263E 11 2.335¢ &4

2

E000L. lo. 1.225t UG 9.7497& 05 5.924E 05 3.307€ U5 3.128E 06  2.823E 12 5.590E 12 1.017€ 12 1.982E 12 _B8.954E 04

BUOULL. 4. 2.T3%FE U6 2.027c 06 1.252E 06 6.934E 05 6.708E 06 1.331E 13 2.601E 13 5.144FE 12 9.712E 12 1.877E 05

7 T E000C. 320 4.807k U6 3.195E 06 2.U38E 06 L.11IS5E 06 1.L1SE 07 3,920 1 T.309E 13 T.823F 137 2.933¢ 13 3.019E ¢5

2 8000u. 4v._ _T.401E 06 _4.24CE 06 2.841E V6 1.527E 06 1.6026 67 £.283F_13__1.536t 14  3.947E 13 6.752E 13 __4.135E G5

kK 6000U. 48. 1.04TE U7 4.957F 06 3.556E 06 1.B66E 06 2.085E 07 1.500E l4 2.659€ 14 R.132E 13 1.303E l4 5.050FE C5

7 £000U. 56+ 1.394E UT 5.15%0E 06 4.09BE 06 Z.078E 06 2.52Z8E 07 2.402E 14 4.000E 14 1.491E 14  2.218E 14 5.625€ €5

o _12000u. 8. __1.165E 06 9.94lc 05 5.941E 05_ 3.264E 05_ 3.080E 06 1.590FE 12 3.172E 12 5.576E 11 1.098t_12 8.837E 04

2 12000L. 16. %.639E 06 3.785E 06 2.289E 06 1.251E 06 1.196E 07 2.435¢ 13 4.822E 13 B.B40E 12 1.723E 13 3.3R7E 05

77 12000u. Z4. 1.035FE O7 7.833E 06 4.837€ 06 2.619E 06 2.584E 07 1.14BE 14 2.243E 14 4.472E 13 @.%43F 13 7.090€ 0

¢ 12000u. 32. 1.820E 07 1.234E O7 7.AT3E 06 _4.202E 06 _ 4.261E 07 3.291t 14 6.299t 14 1.411E 14 2.549E 14 1.13BE 06

2 12z000U. &U. 2.802t U7 1.640E 07 1.098E 07 5.739t 06 6.113E O7 7.128E 14 1.323& 15 3.431FE 14 5.870E l4 1.554E 06

7 120000. 48. 3.962E U7 1.915e 07 1.374t 07 6.978E 06 "7.949E 07 1.289€ 1 2.2BBE 15 7.009E 14 1.133E 15 1.8BB9E 06

2 120000. 56. 5.279F 07 1.992E 07 1.583€ 07 7.722E 06_ _9.626E 0T 2.061t 15  3.436E 15 1.296E 15 1.928E 15  2.091E 06

B 1185. 6. 3.339E-00 3.750E-02 2.241E-02 9.366E-01 4.336E-00 1.627E 02 3.234t 02 3.609t-00 7.1728-00 2.536E-01

3 1185. 16, 1.329E Ul 1.47BE-01 B8.634E-02 3.726E-00 1.725E 01 2.599E 03 5.069C 03 5.774E 01 1.123E 02 "1.009€-00

3 1185,  24. 2.966E 01 2.955:-01 1.825£-ul B.310E-00 3.B45E Ol 1.312€ 04 2.480E 04 2.92lE 02  5.515E 02 2.250E-00

H 118%. 32. 5.214E 01 4.6%6E-01 2.970E-01 1.459E Ol 6.749E 01 4.127TE 04 7.471E 04 9.214E 02 1.665E 03 3.950E-00

T3 1185. 4u. B8.027E Ol 6.188e-01 4.14UE-01 2.244E 01 1.037€ 02 1.000E 05 1.715E 05 2.241E 03 ~3.B3%E G3 6.074E-00
s 1185, 48. _1.135€ 02 7.224€-01 5.182£-01 3.169E Ol 1.465E 02 2.054E 05 3.30lt 05 4.617E 03 7.400E 03 8.57BE-00
2 1185. 56. 1.512E 02 7.514E-01 5.9726-01 4.216E Ol 1.948E 02 3.756E 05 5.600E 05 B8.465t 03 1.259€ 04 1.141E 01

T3 3767. B. 3.632E Ol 1.660t-00 9.919E-01 1.010E Ol 4.9u7E 01" 1.915c 04 3.808E 04 1.614E 03 " 3.207€ 03 2.734E-C0
3 3767.  16. 1,446 G2 6.320E-00 3.822E-00 4.012E Ol 1.948E 02 3.046E 05 S5.949€ 05 2.5B2E 04 5.032E 04 1.086& Ol
3 3767. 24. 3.227E 02 1.306E Ol B.U76E-U0 B.924E 0Ol 4.331E 02 1.527E 06 2.896E 06 1.306E 05 2.466E 05 2.416E Ol

T3> 3767. 132, 5.671E 02 2.061E Ol 1.315E 01 1.562€E 02 7T.57L€ 02 4.763€ 06 B8B.666F 06 4.120E 05 7.446E 05 4.228E Ol
3 3767, 4U.  8.732E 02 2.739& 01 1.833E_ 01 2.393E 02 1.158E 03 _1.144E 07 _1.974E 07 1.002E 06 1.714E 06 _6.4T7E 01
5 3767. 48. 1.235F U3 3.198E Ol 2.294E Ol 3.365E 02 1.626E 03 2.327E O7 3.766E 07 2.064E C6 3.309E 06 9.109€ 01

T3 3767. 56. 1.645E 03 3.3206C 01 2.b44c 01 4.456E 02 2.151FE G3 &.217& O7 6.335c 07 3.785€E 06 5.631E 06 1.206E 02
) 9593. 8. 2.850k 02 3.523E Ol 2.105 01 7.767E Ol 4.190E 02_ 1.121E 06 2.230€ 06 2.222E 05 _4.415€ 05 2.103E 01
3 9593, lé. L.135E 03 1.341E 07 8.112E Ol 3.074E 02 1.6357E 03 1.768E 07 3.464E 07 3.555E 06 6.928FE 06 B8.323E 01
5 9593. 24. 2.532F U3 2.776E 02 1.714E 02 6.B00E 02 3.661E 03 B8.755E 07 1.670t 08 1.798k 07 3.395E 07 Ll.R&4lE C2
B 9593. 32, 4,451E 03 4.374E 02 2.790E 02 1.1R1E_03 6.34BE U3 _2.687€ 08 _4.936E U8 5.67T3E 07 1.025E 08 3.197E C2
3 9593. 40. ©6.852E U3 5.814E 02 3.890E 02 1.7926 03 9.615E 03 6.337E 05 1.107E 09 1.380E 08 2.360E 08 4.852E 02

T3 795930 T48. 9.69LE U3  G6.THBz 02 4.b6YE 02 2.495k 03 1.335E U4 1.265€ 09 2.077E 09 2.842E 08 4.556E 0B 6.753E €2

: 9593, _56._ 1.791E D& T.0LO0E 02 5.612E 02 3.26RE 03 1.745€ 04 _2.250E 09 3.432€ 09 5.212E 08 7.753E_ 08 A.B46E (2

3 19150, 4. 1.531E 03 3.336E 02 2.006E 02 4.068E 02 2.474E 03 2.785E O7 5.543E 07 B.442E 06 1.678E 07 1.101E (2

3 15158, 16. 6.095t 03 1.278E 03 7.778E 02 1.603FE 03 9.749E 03  4.361E N8 8,565E 08 1.351E 08 2.632E 08 4.333E G2
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APPENDIX D

TABLE D1. - DIGITAL COMPUTER DATA - Continued

M RADIUS TH LENS WT TORUS WT  INF SY WT  CANISTWT TOTAL WT X INRTON  Z INRT ON X INRT OFF Z INRT OFF VOL OF CNST

1905n. 24. Lo300E 04 £.64%E 03 1.633c 03 3.519 03 2.140k u4  2.134L 09 4.0%c 09 6.832E 0B 1.290E 09 9.526E (2
© 1ilsre  32. 2.341€ 04 4.10CTE 03 2.0658E 03 6.049E 03 3.673E 04 6.44TE 09 1.195E 10 2.155E 09 3.893E 0¥ 1.638¢ U3
3 1915, 4U.  3.681E U4 S.539E 03 3.TUE 63 9.LGTE 03 5.512E 04 1.493E 10 2.542E 10 S5.242€ 09 'AL96BE Ov 2.455E 03
3 _1913%. 8. 35.296E U4 6.4.7z 03 4.o35c 03 1.244E 04 7.560E G4 2.920E 10  4-871t 10 1.080E 10__1.731E 10  3.367E 03

» 19050.  56e 036 0% 6.7206E 03 5.346E U3 1.604E 04 9.T47E 04 5.094E 10 T.897c 10 1.980E 10 2.946EF 10 4.342E O3

¢ 7 32765. 8. ©-377€ U3 1.921F 03 1.148E U3 1.657€ 03 1.110€ N& 3,793 08 7.553E OR 1.413k 08 2Z.808E OR 4.4B85E UZ

1. 3276u. lu. 2.538E G4 T.313¢ 03 4.422E U3 6.501E 03 4.362E 04 _ S5.911E_09 1.163E 10 2.260E 09 4.406E 09 __1.760E 03
32765. /4. S5.66S5E U6 1.513E 04 9.346E U3 1.41TE 04 9.530E 04 2.869E 10 5.526E LO 1.144k 10 2.159E 10 3.837€ 03
32760 32.  9.93TF 04  2.3AS5E 04 1.521k 04 2.414E 064 1.628E 05 8.575E 10 1.600E 11 3.608E 10 6.520F 10 6.535€ 03

. 22763. 4Us _1.533E u5__3.169E_04 2.121E 04 3.575k 0% 2.420€ 05 _1.959E 11 3.501E 11 8.774E 10 1.501E 11 9.679E 03

32765. 48. 2.169E US  3.TU0E 04 2.0654C 04 4.837€ v4 3.28B7E 05 3.777E 11 6.374E 11 1.808E 11 2.897E 11 1.309E 04

»7 T 32765, 6. 2JBBHE 05 3.A49E 04  3.059E 04 6.140F 04 4.193FE 05 '6.490& 11 1.019E 12 3.314E 11  4-930E 11 1.662€ 04
. SU&3.._ | B. _2.163E_U4  T.TTTE 03 4.64TE 03 5,530E 03 3.958E 04 _ 3.278E 09 6.529E 09 __1.356E 09 _2.69%E 09 1.497€ 03

“0435. 16. B.6LOE 04 2.961E 04 1.791c D& 2.163E 04 1.553E 05 5.092E 10 1.003& 11 2.168E 10 4.227E 10 5.854E 03
. LL63.. /‘he 129226 US  6.128€ 04 3.784E 04 4.693E 04 3.3R2E 05 2.460FE 11 4.749€ 11 '1.097E 117 2.071€ 11 1.270E 04
6.159E 04 7.934E 04 5.752E 05_ 7.304E 11 1.369€ 12 3.461k_11__ 6.

B.586E 04 1.164E 05 B.506E 05 1.655E 12 2.975E 12 8.41BE 11 1.%40E 12 3.152E 04

1.075€ 05 1.558E 05 1.14BE 06 3.162

m

12 S5.374E 12 1.734E°12 2.77%E 12  4.217

1.239t 05 1.952E 05_ 1.455€ 06 5.379€ 12 8.515€ 12 3.180E 12 4.730E 12 5.285E 04
72015.  b. 6.181E 04 2.461E 04 1.471E 04 1.563E 04 1.168k 05 1.998E 10 3.981E 10 B.748E 09 1.738E 10 4.231E 03

5 T F2015. 16. 2.46GE U5  9.372c 0% 5.667E 04 6.102E 04 4.574E 05 3.100E 11 6.108E 11 1.399E i1 2.728E 11 1.652E

o4
s _72013.. _24. 5.491€ 05 _1.939E 05 1.198E 05 1.319E 05_ 9.947E 05 1.493E 12 2.8A6€ 12 7.080€ 11 1.337& 12 3.571E 04
04

3 7201>. 32.  2.651E S 3.0%6c 035 1.950E 05 2.219E 05 1.68BE 06 4.415FE 12 8.292FE 12 2.234E 12 4.036E8 12 6.007E

F|

VO 72015. 4U0. 1.4906f U6 4.0028 05 2.718E Q5 3.235€ 05 2.487E 06 9.956E 12 1.795E 13 5.432E 12 9.293E 12 B.759E O

. 12015._ 4. 2.10lE 05  4.742. 05 3.402E 05 _4.294E U5 3.345€ 06 1.891E 13 3.228E 13 1.119€ 13 1.794E 13 _1.162E 05

3 72015. Sb. 2.BO0E 06 4.9372E 05 3.920e 05 S5.33LE 05 4.218E 06 3.197€ 13 5.086E 13 2.052E 13 3.052E 13 1.443E 05

37 1199110 8. 2.9T1E US  1.2F53€ 05 TJeU7e va 7JZT8E 04 '5.67SE 05 ZJ727E 1V 75 434€ I T TT.256E {1 T ZJ496E 11 1.970F 04
3 119911. _ 16. 1.159E U6 4.B53E 05 2.935k 05 2.835E 05 2.221FE 06 4.224E 12 8.329c 12 2.009k 12 3.,916E 12 7.675E 04

3119911, Z4.  2.58LE 06 1.0C4E 06 6.202E 05 6.105E 05 4.B21E 06 2.029E 13 3.927t 13 1.016E 13 1.919E 13 1.653E (5

32077 4.5458 U6 1.5H2€ 66 I.DO9E 06 ~1.022E 06 B.I5RE 06 5.977€ 13 1.125€ 14 3.206E 13 S5.T95E 13 "2.766E C5

5 119911 4U. 6.997E 06 2.1C3E 06 1.407E 06 1.479E 06 1.199E 07 1.342E 14 2.427k 14 7.799E 13 1.334E 1% _4.005 05

3 119911. 4bB. 9.A96E 006 2.456C 06 1.761E 06 1.946E 06 1.606E 07 2.534E 14 4.345t 14 1.607E 14 2.575E 14 5.269€ 05

T 119911 . T 56.  1.31BE D7 2.554E 06 2.030FE 06 2.391€ 06 2.016E 07 4.25BE 14 6.809E 14 2.946E 14 4.382E 14 6.473E C5

A 1201. B+ _ 3.395£-00_ 2.0l19E~02 1.206E-02 9.534E~0l_ 4.380E-00 1.663E 02 3.305E 02 1.997E-00 3.968E-00 2.581lE-01
“ 1201.  16e 1.351C 01  2.617TE~02 4.648E-02 3.794E-00 1.743E Ol 2.660E 03 5.185E 03 3.195E Ol 6.227E Ol 1.027E-00
» 1201. 24. 3.016E 01 1.591€-01 9.A24E-02 B.464E-00 3.88BE Ol 1.3456E 04 2.541E 04 1.616E @2 3.051E 02 2.291E-00
5 __1201. 32. 5.300E Ol 2.507£-01 1.599E-01 1.4B7E Ol 6.828E Ol 4.244E 0% 7.671E 04 S5.099E 02 9.214E 02 4.025€-00
“ 1201. 40. B8.160FE 01 3.331E-01 2.229E-01 2.288E Ol 1.050E 02 1.032E 05 1.766E 05 1.240E 03 2.121E C3 6.193E-00
B 1207, "4B.  1.154E 02 3.890e-01 2.790c-01 3.233¢& 01 1.484E 02~ Z.126E 05 3.408E 05 ~2.555E 03~ 4.094E 03 6.753E-00
4 1201. %6. 1.538F 02 _4.045E-01 3.216E-D1 4.304E 01 1.975FE 02 3.897E 05 5.79RE 05 4.684E 03 6.968E 03 1.165E 0l
4 380L. 6. 3.531F Ol 8.998E-0L S5.377&-01 9.925E-00 4.688E 01 1.755E 04 3.4B8E 04 B.942E 02 1.777€ 03 2.687E-00
4~ T3806. 16. 1.414F 02 3.426E-00 2.072e-00 3.946E Ol 'TJB63E 02 2.807E 05 5.471E 05 1.430E 04 2.T7B8AE 04 1.068E Ol-
4 38Gb. 24. 3.155E G2 7.09CE-00 4.37BE-00 B8.792E 01 _ 4.149E 02 1.419€ 06 2.680E 06 7.237E 04 1.366E G5 2.380E 01
o 380F. 32. 5.545t 02 1.117€ 01 7.126E-00 1.542E 02 7.270E 02 4.474t 06 B.0R9E 06 2.283E 05 4.126E 05 4.174E 01
o 38GF.  40. B.537E 02 1.4PSE Ol 9.9356-00 2.367€ 02 1.115E 03  1.087E 07 1.861E 07 5.553E 05 9.499E 05 6.408E Ol
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APPENDIX D

TABLE D1. - DIGITAL COMPUTER DATA - Concluded

M RADIUS TH LENS WT TORUS WT  INF SY WT  CANISTWT  TOTAL WT X INRTON  Z INRT ON X INRT OFF  Z INRT OFF VOL OF CNST

“ 340e. _ab. 3.3376 02 1.ST1E 03 _2.238E 07 3.590F 07 1.144E 06 _1.833E_C6 9.034E 0l

4 38Uc. 56. 4.432E 02 2.084E 03 4.101€ 07 &6.105E 07 2.097E 06 3.120E 06 1.200E C2

7.1908 01 3.640F 027 8.527€E 05 1.694E 06 1.285E 05 2.5536 05 1.947€ 01

et
AW 9T4l. _16. _1.037E 03 _7.515€ 01 4 0L 2.852E 02 1.443E N3 1.363E 07 2.657€ 07 2.055E C6 4.006E 06 7.722E 01
“ 9747. 24. 2.315E 03 1.555e 02 9.604t Ol 6.332E 02 3.200E 03 6.882k O7 1.300E 08 1.040E 07 1.963E 07 1.714E 02
4 9747, 32. T4.ND69E 03 2.450E 02 1.563E 02 1.105E 03 S5.575E 03~ 2.167€E 08 3.920¢ 08 3.280€ 07 5.929E 07 2.991E 02
- 9747. 4U. 65.265F 03 3.257€ 02_ 2.179E 02 1.687E 03 8.495E 03 5.259E 08 9.009E 08 7.979E 07 1.365E 08 4.566E C2
- 9747. 40. B.B61E 03 3.803E 02 2.727E 02 2.363E 03 1.188E 04 1.081E 09 1.735E 09 1.6%4E 08 2.634E 0B 6.396E 02

9 "2.947c 09 3.014€ 0 4.4832 08 8.437E €2

[=]]

4 9747. 36. 556 02 T3.1%4k 02 3.1L17E 03 1.563FE 04 1.97BE

«  2052B. 9. 1.439E 03 2.273E 02 1.358F 0Z 3.884E 02 _2.190E U3 2.123f 07 4.220c 07 6.563E C6 1.304E 07 1.052E ©2

- 20528. 16. 5.726E 03 8.653t 02 5.233F 02 1.535E 03 B.650E 03 3.389E 08 6.6l1t 08 1.050E Q8 2.046E 08 4.156E €2

W TT0528. 244 1-278€ 04 1.7J1E 03 1.106E 03 3.386E 03 1.9064E 04 1.709E 063 3.232E 09 5.311E 08 1.003E 09 9.16BE 02
4 20528. 32. 2.246E U4 2.822c 03 1.800E 03 5.860E 03 3.294F 04 5.369€ 09 9.727E 09 1.676E 09 3.028E 09 1.586E 03
4 c0525. 40. 3.438E U4 3.750C 03 2.509c 03 B8.856E 03 4.970FE U4 1.300E 10 2.231t 10 4.075E 09 6.972E 09 2.397E 03
4 20528. 48. 4.891F U4 4.379E 03 3.141E 03 1.226E 04 6.869E 04 2.666E 10 4.28RE 10 B.395E 09 1.346E 10 3.320E 03
4 20528. 6. 6.516E 04 4.554E 03 3.620c 03 1.598E 04 B.931E 04 4.868E 10 7.267E 10 1.539E 10 2.290E 10 4.326E 03

“ 37668. t. G.622E 03 1.660E 03 9.9Y19E 02 1.753E 03 1.106E 04 3.368E 0B 6.694E 08 1.614E 08 3.207E 08 4.745£ 02

o 37668. 16 2.64BE 04 5.370E 03 3.822c 03 6.UBY6E 03 4.351E 04 S5.370E 09 1.048E 10 2.582E 09 5.032E 09 1.867¢ 03
“  3766B. 24, 5.909E 04 1.308E 04 B.076E 03 1,.510F 04 _9.535€ 04 _2.703C 10 1156 10 1.306E 10 2.466€E 10 4.088E 03
4  3766b. 2. L.OME U5 2.061E 04 1.315¢ 04 2.5BTE 04 1.635E 05 B8.47LE 10 1.537t 11 4.120E 10 7.446E 10 7.004E 03

T1 3.517E 11 1.002E 11 1.714E 11 1.045E 04

4T 3766, 4u. 1.549F 0> 2.7s9E 04 1.833E u4 3.861E 04 2.442E 05
f 31668,  nde  2.262E 05 3.19bE 04 _ 2,294E 04 5.271E 04 3.338E_05_ 4.1B5E 11 _6.744E 11 2.064k 1} 3,309 11 1.427€ 04
4 L7666. 6. 3.013E U5 3.326E 04 2.644E 04 6.T76CE 04 4.2b6E 05 7.624E 11 1.140FE 12 3.785E 11 5.631E 11 1.A30E 04
o T (246,. &. 7.661F Us B.67&C 03 S.186C 03 6.865E 03 4.734E 04 3.761E 09 7.476t 09 2.320k 09 4.611E 09 1.859E 03

4 _i2463. lbe  1.059E G5 3.304t 04

—

.998E 04 2.690E 04 __1.858E 05 _5.991E 10 1.169€ 11 3.712€ 10 7.235E 10 7.284E 03

4 02463, 24, 2.304F 03 O0.B3ul 04 4.223E 04 5.854E 04 4.055E 05 3.011E 11 5.702E 11 1.878E 11 3.545E 11 1.585E 04

6 02463. 32. 4.1o4E U5 1.OT7E 05 6.BT3c 04 9.939E 04 6.913 5 9.420E 11 1.711E 12 5.924E 11 1.071E 12 2.691E 04

m
o

4 02403, GL.  Go36E O3 L.432¢ 05 9.581lk 04 1,466E 05__1.025E 06 _2.270E 12 3.908E 12 1.441E 12 2.465E 12 3.970E G4

4 L2463. 4B. 9.046E U5 1.672E 05 1.199c 05 1.974E 05 1.389E 06 4.635t 12 7T.480E 12 2.968E 12 4.757€ 12 5.345E 04

3T L2863. 6. 1.205E U6 1.739F 05 1.382£705 2.493E 05 '1.T67E 06 B.426F 12 1.262E 1 5.442E 12 B.096E 127 6.749E€ 04

o 95931. 8. 9.260E U4 3.523F 04 2.105E 04 2.353E 04 1.724E 05 _3.120E_10 6.203€ 10 ?2.222E 10 4.415E 10 6.371E 03

. 35931. l6é. 1.686E 05 1.321E 0> R.L12E 04 9.197E 04 6.759E 05 4.967t 11  92.699E 11 3.555E 11 6.928E 11 2.4%0E 04

4 Y5931. 24. B.227E US  2.716E 05 1.714E 05 1.991E 05 1.471E 06 2.494E 12 4.726t 12 1.798E 12 3.395E 12 5.391E 04
4 95931, 32. l.446E 06 4.374F 05 2.790E_05 3.358E 05 2.498E 06_ 7.793E 12 1.416E 13 5.673E 12 1.0256 13 9.090E 04

g 95931. 4u. 2.226E 06 H.8l4E 05 3.890FE 05 4.911E 05 3.688E 06 1.B75E 13 3.232E 13 1.380E 13 2.360E 13 1.329E 05

. 95931. 46. 3.148E U6 6.TBEE 05 4.869: 05 6.541FE 05 4.968E 06 3.823f 13 6.177FE 13 2.842E 13~ %.556E 13 1.J771E 05

o 9593l. sb. 4.195E U6 7.060E 05 5.612E 05 B.IS7E 05 6,277 06 6.941E 13 __1.041€ 14 5.212E 13 7.753E 13 _2.208E 05

120492, b 1.835E UGS  7.411E 04 4.429E 04 4.634E 04 3.483E 05 9.802€6 10 1.949& 11 7.374E 10 1.465E 11 1.?55E U4

4 120492. 16. 7.306FE 05 2.872F 05 1.706E 05 1.B09E 05 1.364E 06  1.560F 12 ~3.046t 12 1.1B0E 12 2.299E 12 4.896E 04

4 120492. ¢4 1.631F 06 5.839E 05 3.G06E 05 3.907E 05 2.966E 06 _7.82Bk 12 1.484t 13 5.967¢ 12 1.127E 13 _1.058E 05

«~ 12U492. 32, 2.B&6E U6  3.21.1c 05 5.870c 05 6.569E 05 5.030c 06 2.445t 13 4.444E 13 1.883E 13 3.402E 13 1.778E 05

S T1204%2 . 4u. &.412E 06 1.223E 06 B.183k 05 9.569E 05 7.411E 06 5.8B0€ 13 1.014E€ 14 4.579€ I3 7.833t 13 2.591E ¢

4 120492. 4. 0.240F 06 1.478r 06 L.U24E 06 1.268E 06 9.961E_06 _1.198t 14 1.936E 14 9.432E 13 1.5126_14  3.434E_CS

+ 1206492. 56. B8.3L4E U6 1.4f5F 06 1.180c 06 1.573E 06 1.255E 07 2.173k 14 3.261E 14 1.729¢ l4 2.573E 14 4.257€ QO
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Figure D2.
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Figure D30. - Material III - moment of inertia I,_, of photolyzed lens
versus lens radius of curvature.

159



APPENDIX D

" o8

40 48 56

24 32 | s

a & i07 2

Lo
a 68

4 6 B|O3 2
Lens weight, Wy, lb

102

a 68

o'’

3 68

4 6 8 2
10°

salo_lz

|
L1
4

|
10°2°

MU9s.. W - - MU ® ~ 9w - ~

10%

3 ‘0 ‘9anjeBAIND JO SNIPEJ SUIT

- Material IV - lens weight versus lens radius of curvature.

Figure D31.

40 48 56

432/ 2~

6

- 8°

—
|
T

1072

- ~ m oo ~ v w o«

(o]

3y ‘0 ‘eanjeAInd JO SNIPBJI SUdT

10

Torus weight, W, lb

- Material IV - torus weight versus lens radius of curvature.

Figure D32.

160



©
T =
! ! ! |
B ‘
L [ ~
T _ 3 — 2
:Gw b S ..._ ) h Iw, r %
Q\[Tr e ke e — :
wW. N S— 5
o W I I -
o{ +||..|l..__+ -
ol B 5
OL. ' R ] “ .
Wl,l - _,L, ! —t e
e + i
a [N ] —
I e S NGRS\ v y
K] o - _
A RN N |
M S WA R ~
L i SO
_W SN ,T A //77/%/( |
L L AR o
A | — i AR RA\Y =
P R ] IANERNARA\\Y
R ASAANN\Y

o
. ! B S S — =
= : L SR P S N
— . e .
— * Lok e

v

e}
R s = S0
o) <) =)

3] ‘d ‘aanjeAand Jo Sniped sua|

1b

Inflation system weight, Wy,

- inflation system weight versus lens radius of curvature.

Figure D33. - Material IV

48 56

16 24 3240 / /

108

107

10°

|04 2 4

103

\0?

1
——— <
[ . o
— . DR S — e
- .
s —_— —
. | i
{ ©
RN t — e 4
. e e s 4 —-
ST PO S
. o , |
4 ‘ . | -+ ﬂqgl HIJ'II —_—
I ) ~
| ] —_ L : o
< o mee N o v ow " o o =
o = <

3 ‘? ‘aunmjeAlnd jO SNIpEI SUST

Canister weight, W¢, 1b

Figure D34. - Material IV - canister weight versus lens radius of curvature.

4

161



APPENDIX D

10° 6:8° 16 24 32 70/‘"’/_5(i
s I N ] B 7 [
. i —_ - ————
: . N —
. i TR : ]
H— f
= ) E — : e et | —
< AR
Ey 2 : - - ]
5 : i
g : |
> i I
5 ! |
& 10 e
Sl " 4 -~ - ]
o / ]
.= , -
: VAR VI 7/ | T
“'___J “ )///r/// / T . ;L
/ 2
2 Y. ViVi // 1 — ]
/ / / / | |
|02 Z Y. l/ / L I | :
1072 o'ttt fie° 10' 102 10° 10 10°® 108 07 Y T i08

Total weight, Wp, 1b (Lens, torus, inflation system, and canister)

Figure D35. - Material IV - total weight versus lens radius of curvature.

24 32 70/45/56
R i u T T T T o)
e T I T H L [ : s
7 } ' - t PR . —
. et : Cpe e -
s - - einmany H te !
4 T i 4f——?—-r ! i i i— I —
b= L ——— _L_._*p_ﬂf : ' .
- | ' : P ,
QU ! | 1
R i ﬁPLL_ L | — A U T4 ]
g T ! : B
2 ; i L o
g | N
> j i | I
5 ]
& 10° T T 1 '
3 ’ —H : l } f
°=1 7, / ; T t
E= I - 1 R
g / | : | ;
@ « V. o
=1 H .
3 '/ '/ . 1
/] |
2 - ’/ ; ] ]
// // // ST
/ /A | L
o 4 ! | . AT
1072 10 10° 10 10? 103 10* 10° 10° 107 10°

Canister volume, V¢, it3

Figure D36. - Material IV - canister volume versus lens radius of curvature.
a

162



APPENDIX D

=YW

m
[=;
2 <
2 o)
o
AN
“NANN _ wm
& e :
Y
S NINUNNAN —
= NN S - _F -
ANAA LY : - - !
O, — ]
NEEELEANANNN _ T =
& df/ //4//*/4 N T i i =
ANEEAVERANRN NN , T , R
\NEL NI NL AN\ EE S —
- ‘.’ ﬂ’ 4’ /’ f"/" A + ‘_a -
(i e TN NN : :
AN A N AN ) o
/ r///l//, L nmU (h_w
TN N NN NN T = =
S WA N W VA W 0. : .
/ / AN ; 0
, N\ NN _ 2,
N ‘% 1 —_— N
- H o N 1 YA NN I <
AN /W/;./Zf ,, g
AN N NN 5 2
= —T N i NEREA N S N, . . VI = -
R I I N\, TN ; SIS SN 3
SRR B NI NS NN 2
_ NN\ NNy ¢
i + -1o ~ T SV, A = 5
—— ) )t - - AN - A ANA NN s
! N ANVEAMANN
D DN NCANAAND
.Iwuﬁﬂ 1] ﬂ/ = r//. /ﬁ/\f/ =
Uw% h AN N N
SENRE AN
e el e —\ ™
T LD IS —
m
= = N =]
T e s SN —
- B R N
: =4
,Hﬁ. R
g ) T -
- ; - — 0
z ! - - D
: ﬁ, : ' ._nmU
geer e e 7 > _mlvssr..s. = = zml

)] ‘¢ ‘OIMEAIND JO STUPE.I SUIT

- Material IV - moment of inertia Ix_x of lens and torus
versus lens radius of curvature.

Figure D37.

s}
°
8
©
g 3
o .
N .
n_r/r/]/l!f. )
NN 4
NN AN .
N RN , S
'/‘f’f M —
A ;
3 N NN
o N \, =
@ AR\ ©
o SN SCOSNISS -
i NTNOSONS
NS NIANAANNY .
NIERAVERNANNN\N g
N—T—N— NN, -
T V/w NSO
NSNAN
HEENANER MM 2
JIW*.% //L /r ] -
RSN N NN
M i N\ SN ?
s e A R s N
Ll N N AR
L ANEAEAN AN 5
1 o m— N NN -
f L AN AN
L] AN AN
- ANENAN\W
Nt B ¢ NSO
_ AN
; | NN
T —+— T N .
T - AN NN
1 L N
SIS NN
— II — N - h ’ll
FHo+4 - — — -
L _ N\,
! AN N
_WJ‘M —1 -ll-.fxil
T Tt B
=+ Ll.lﬁ I.g‘w.x,ﬂ — Q
m - mi ‘!-;ﬂ.
— t M { - 4 =t —
L . | [ re)
SRR . i ] R e
RSl |
LIdr ] L] ] %
e T T e e e ~ PR ~ = Q
Q ] )

13 ‘d ‘axnjeaand jo snipe.d suar

Moment of inertia, L,_,, 1b-ft2

Material IV - moment of inertia Iz-z of lens and torus
versus lens radius of curvature.

Figure D38.

163



APPENDIX D

g 8:=8° 16 24 32 40 4B 56
1o 1T T T T T 7T
: | ' 1 p s
, 1R ERE H y\ A7
B N | i ! o P A 1
€ 1 » 7
1 + .
I TR B[RS N W il d) 8% 7
. t B AN
> o \ | A . '
Q o ; : ‘ L )ﬂ /L‘//;:: | ( '
Ly 2 t I ; f
: | INERN (AR gp %77 KRR
= ! ! | e |
< 1 117 \
£ o | RNy g9 . |
8 10® i AL _J —
S e e i e s
1 1A o :
@ v H—- T (% 75 SN o
R - T T A A AT ai TN
: , T T2 T T A il i
@ T j/ -+ ﬂ_‘ ﬂ' - ﬁ*'*“ﬁ d 1
2 ' 1 ! 1L NV 1
3 t L7 I ~~1L‘> + f +—t—
/ : V/|V// '/2 1 W l i i[
) WA A E’ ; j ‘ !
L A Ao |
R // T /P 1 ) I
. + 1 ) | | {
|02 I y. p. Pl I |
10° 10" 102 108 fold 108 108 107 108 10° 109 10" 10" 103 10 10
Moment of inertia, Iy x, 1b-{t2
Figure D39. - Material IV - moment of inertia Ix_x of photolyzed lens
versus lens radius of curvature.
|0‘: g:g° 16 24 ,32 40 48 56
: P 7T A
. /]/ | VA
e b S A LA
= ? ! < g 42, A
R ‘ §
S, BNy /?2 e
< .
= | LA e r vy //
§ | ' /V/ /V// j;ﬂ/fzﬁ:/
- alla%r.7a
— °
s ~
R U A
1 ol A
5 j nl 4 N A ¢
' vV
g L /‘ ez
i H A
| 1 | A oA L
2 V.
" P$27.%
A
o2 LA
10° 10! 102 103 104 105 108 107 108 10° 10° o 102 10" 104 10

164

Moment of inertia, I,_,, 1b-ft2

Figure D40. - Material IV - moment of inertia I,_, of photolyzed lens

versus lens radius of curvature.



APPENDIX E

CRITERIA FOR THE DETERMINATION OF THE SIZE OF RIM
AND TETRAPOD BOOMS

Rim

Satellite components other than the lens, torus, inflation system and canister that signi-
ficantly contribute to the launch weight are the rim, the tetrapod booms, and the stabilization
system. Because the structural integrity of these components cannot be checked without know-
ing the final satellite configuration, in order to determine gravity gradient and other inertia
loads, some criteria must be established in selecting these components. For the rim it was
thought that a maximum out-of-plane deflection of one percent of the rim diameter would be
an adequate design criterion. In reference 1, pages 108 to 112, the maximum rim deflection
has been calculated under a critical loading condition for a tripod boom arrangement. Since
the present study deals with a tetrapod boom arrangement, a comparison was made of rim de-
flections with tripod and tetrapod arrangements for the simple loading condition of uniformly
distributed load normal to the rim plane, in order to establish the stiffening effect of the ad-
ditional boom on the rim deflections. A brief discussion of this comparison is given below.

r=1/2 h
X X
tr
(a) (b)
Rim supported at n points, Ag, z
A9, ... A, and loaded by a uniform
load q normal to its plane Rim across section (see appendix B)

If B is any point at an angular distance 3 from A1, the deflection under B, from refer-
ence 9, is

é ClcosB+CzsmB+C3+

% [+ )
E GJ/ siné

2
gein (- g - Lo B
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where

_qr462 11 1 sinzo(1- 3)}

C1=-- "5, |ET"Gr * 20 \&I ' GJ

2 sin

44
e ()
C2 BT " GJ
aR*62 11 14+sin%9  sin26

3
Cg = —F- + + (—— + ——)]
9 sin26 .EI GJ 26 El GJ

For the cross section shown in sketch (b) the moment of inertia about the x-axis and the
torsional stiffness are respectively,

I=0.17314 hg3tg and J = 0.03429 hg3ty

Hence for a rim material with Poisson's ratio #4 = 1/3, the quantity EI/GJ is 13.464. Then
for 6 = 3 = 7/3, the above deflection equation yields

R4
0max = 0.157 q (three supports),
R4

and for 9 = 3 = n/4, dmax 0.037 & T (four supports).

Consequently, dp,4% (for tetrapod) T 0.25 §pmax(for tripod). (E1)

Another aspect to be considered is that the rim deflection is caused by gravity-gradient
and inertia forces on the concentrated masses which are located at the tétrapod apices. These
masses correspond to the canister, inflation system, and stabilization system weights: the

grav1ty2grad1ent and inertia forces are therefore proportional to these masses in the grav1ty
field w=h.

With the above remarks the maximum rim deflection can _be written as follows:

w2WR2h2
6max=a%— : (E2)

The coefficient a can be found by using the dimensions of the rim configuration of refer-
ence 2, page 67, in which w2 = 0.39 x 10-6, h = 260.3ft, R = 133.8 ft, W = 2 x 184 = 368. 1D,
18 x 106 psi, I = 0.17730 in.4 In order for the /coeff1c1ent a to be vahd for a tetrapod -
arrangement for one percent rim deﬂectlon the dmax/2R value will be taken equal to 0,01 x
0 25 = 0.0025 (see equation E1). Substltutmg these numerical values in equation (E2) yields
= 0.007097 sec /1n Noting that for the rim geometry of reference 1,
= 0.00025 hg, - (E3)

and letting é max/R = 0.02, E = 18 x 108 psi (beryllium copper). Equation (E2) yields

hp = 0.1461  ~w2h2RW in. - : (E4)

where W is the combined weight of canister, inflation system, and stabilization system (in
pounds), and h, R are measured in inches.

166



"f’&?ez,,;f-

APPENDIX E

Substituting equation (E4) into the mass moments of inertia of the rim, as given in ap-
pendix B, and simplifying yields

I, R = 10.429 «R3h VWR x 1076 1b-in. 2
(E5)
I, g = 20.858 wR3h V'WR % 1076 1b-in. 2

where R and h are measuredininchesand W in pounds.
Tetrapod Booms

The criterion for the determination of the weight of the tetrapod booms is that the angle
of twist of these booms should not exceed five degrees. Furthermore, the tetrapod should
present a constant stiffness against the torque, M, which causes the booms to twist. The
constant ratio Mjz/I; may be calculated from the full scale configuration of reference 10, ap-
pendixes C and E, where I, = 5.25 x 108 1b-£t2 and M, = 0.85 in-lb,

Hence,

M
= = 0.85 - 1.124 x 1079 in. "1 (E6)

Z  5,25x 144 x 109

In equation (E6) the quantity I, includes the lens, the rim, the stabilization system, and the
tetrapod booms. Assuming that the latter two items are about 13 percent of the first two items,
the ratio M,/I, may be written Mz/1.13 I, and equation (E6) solved for M, yields

M, = 1.27 I, (ET)

where 17: is the yaw mass moment of inertia of lens and rim. Then the radius of the cross
section of the tetrapod booms may be determined from equation

514, M
_ 8B Bz
rg = 7dp \/12dB E6, cos a, (reference (ref. 10, p. C-4). (‘E8)

For 61 = 59 = 0.08727 radians, cos ay, = h/lg, and by using equation (E7), equation (E8) re-
sults in
3

s\ (42 1,
- -6 (ZB) [B” 'z
rg = 3.946 x 10 '<dB>’ / hip (E9)

Assuming that §-B/dB = 50, and that 0. 5-mil Mylar film can be constantly used, regard-
less of -satellite configuration, the unit weight of the boom (wire-film material per square inch)

- can be optimized for minimum weight.- This leads to an optimum wire diameter dg ¥ 2.5 mil

and wire spacing (axially) sg-= 0.125 inch (see page 13). Thenequation(E9) may be simplified
as follows: a )

3 - '
rp = 0.0014537 \/ By, (E10)
B = Y. h ’ \

where Iz' is the combined yaw moment of inertia of lens and rim. The boom material weight

167



168

APPENDIX E

per square inch is

_ _ 38 2
wp = 0.0005 x 0.05 + 1(0.125) (0.0025)“ (0.1)

25x 10-6 + 11.78 x 10-6 = 36.78 x 1075 1b/in. 2

Then the total weight of eight booms (for two tetrapods) is

Wg = 8/p (21rp) x 36.78 x 1079 = 0.0018488 Lgry lb,

where /B and rg are measured in inches.

(E11)



APPENDIX F

LENTICULAR LENS SURFACE AREA AND ENCLOSED VOLUME

Table F1 is the computer output for lenticular lens total surface area and volume for
ranges of lens radius of curvature p from 100 feet to 10 000 feet and lens lenticular half angle
0 from 8 to 56 degrees in the same increments as given in Table D1. Figures F1 and F2 are
graphical representations of the numerical values from Table F1.

TABLE F1. - COMPUTER DATA. FOR LENS AREA AND VOLUME

RADIUS ~THETA  LENS SURF. AREA  VOLUME RADIUS THETA  LENS SURF, AREA VOLUME
1200. 8. 1.7610E 05 1.0249E 06 20000- 8. 4.8917E 07 4.T449E 09
1200. 16. 7.0097E 05 1.6082E 07 20000. 16. 1.9471€ 08 7.4452E 10

T 1200.  264. 1.5644E 06 7.8B08E 07 . 20000. 264, 4.3455F OB 3.64B5E 11
1200. 32. 2.7496E 06 2.3798E 08 20000. 32. 7.6377€ 08 1.1017E 12
1200. 40. 4.2334E 06 5.4790E 08 20000. 40. 1.1760E 09 2.5366E 12
1200. 48. 5.9871t 06 1.0575E 09 . 20000. 48. 1-6631E 09 4.8956E 12
1200. 56. 7.9764E 06 1.7996E 09 20000. 564 2.2157E 09 8.3315E 12
3000. 8. 1-1006E 06 1.601l4E 07 40000. 8. " 1.9567¢ 08 3.7959E 10
3000.  16.  4.3B11E 06 2.5128E 08 40000, 16. 7.7886E 08  5.9562E 11
3000, . 24. 9.77T75E 06 1.2314E 09 40000. 24. 1.7382€ 09 2.9188E 12
3000. 12. 1.7185€ 07 3.71B4E 09 40000. 32. 3.0551FE 09 B8.8140E 12
3000. 40.  2.6459E 07 8.5610E 09 40000. 40. . 4.7038E 09 2.0293E 13
3000._  48. 3.7419¢ 07 1.6523E 10 40000. 48. 6.6523E 09 3.9165E 13
3000. 56. 4.9853E 07 2.8119E 10 40000. 56.  B.862TE 09 6.6652t 13
5000. 8.  3.0573E 06 7.4140E 07 80000. . 8. _ 7.8267E 08_ 3.0368E 11
5000. 16. 1.2170 07 1.1633E Q9 80000. 16. 3.1154E 09 4.7650E 12
5000. 24. 2.7160E 07 5.7008E 09 80000.  24. 6.9529E 09 2.3351E 13
5000.  32. 4.7736E 07 1.7215E 10 80000. 32. 1.2220E 10_ 7.0512E 13
5000. 40. 7.3497E 07 3.9634E 10 80000. 40. 1.8815E 10 1.6234E 14
5000. 48. 1.0394E 08 7.6494E 10 80000. 48, 2.6609E 10 3.1332€ 14

© 5000. 56. 1.3848E 08 L1.3018E 11 80000. 56. . 3,5451E_10  5.3322E 14

10000. _ _ 8. 1.2229€ 07__5.9312E 08 120000. 8. 1.7610E 09 1.0249E 12

10000. 16. 4.B6TBE 07 9.3065E 09 120000. 16. 7.0097E 09 1.6082E 13

10000. 24, 1.0864c 08 4.5607E 10 120000. 24. . 1.5644E 10 7.8808E 13

10000. _ _32. 1.9094E 08 1.3772€ 11 120000. 32. 2.7496E 10 2.3798E 14

10000. 40. 2.9399E 08 3.1707E 11 120000. 40. 4.2334E 10 5.4790E 14

10000. 48, 4.1577TE 08 6.1195E 11 120000. . 48. 5.9871E 10 _1.0575E 15

10000, 56. 5.5392E 08 1.0414E 12 120000. S6. 7.9764E 10 1.7996E 15
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APPENDIX G

DERIVATION OF GRAVITY-GRADIENT STABILIZED LENTICULAR SATELLITE
EQUATIONS OF MOTION, ORBITAL ECCENTRICITY FORCING FUNCTIONS,
AND SOLAR TORQUE FORCING FUNCTIONS

General

The equations of motion and steady-state forcing functions related to the attitude control
problem of the lenticular communication satellite are derived in this appendix. As described
in the main body of the report, the satellite is equipped with a modified Ames damper. Two
booms are employed, which have a common servo-driven degree of freedom about the nominal
vertical axis, providing an adjustable yaw reference attitude needed for position keeping by
solar sailing. One of the booms is of the Ames damper variety equipped with torsion bar sus-
pension and dashpot.

The yaw reference drive moves at such a slow angular rate that the dynamics of this
drive have been ignored in this study. The equations of motion for analytical purposes are
therefore those of a four-degree-of-freedom system consisting of the pitch, roll, and yaw of
the satellite and a single degree of freedom of the damper boom.

Stability characteristics were investigated by solution of the differential equations of
rotational motion by analog and digital computer simulation. This report presents the deriva-
tion of those equations of motion. Modifications of the equations to include solar torques and
orbital eccentricity effects are also presented.

The rotational equations of motion (four-degree) are derived assuming the satellite cen-
ter-of-mass is in a circular orbit about a spherical earth. The center-of-mass of the satellite
is assumed to be at the geometrical center of the lens. The satellite is considered a rigid body,
except for one damper rod degree of freedom. For simplification, the equations are linearized
in three degrees of freedom. The remaining variable (yaw) is not linearized because a steady-
state yaw angle exists for this configuration. The energy method of LaGrange is used to ac-
complish the derivation, resulting in equations of motion in generalized coordinates.

The format followed in this presentation is first to define the coordinate systems used,
and then the transformations between them. Derivation of the angular velocities is then made,
followed by the derivation of the equations themselves.

Since the equations are derived under the idealized condition of a circular orbit, approxi-
mate forcing functions that simulate eccentricity are derived. Simplification of the forcing
functions is accomplished by neglecting the damper boom degree of freedom and treating the
satellite as a three-degree of freedom rigid body.

Solar torque forcing function expressions that are dependent on satellite attitude relative
to the sun have been drived in reference 11. The expressions that relate satellite-sun attitude
in functional form are derived herein. This permits use of the forcing functions in the equa-
tions of motion. -
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Coordinate Systems

Inertial system, centered in a non-rotating earth. 9{11, 5‘{12, 913 the unit vectors

forming a positive, orthogonal vector triple with 5‘(13 the north polar axis.

Sun line system, centered commonly with the inertial system. ?‘Sl’ %Sz, ’?83 the

positive, orthogonal unit vector triple with 9(31 pointing toward the sun.

Rotating orbital system, centered commonly with the inertial system. )'Eol, 5%02,
’/‘\‘03 the positive, orthogonal unit vector triple with 9{01 pointing toward satellite

center-of mass.

Trajectory system, centered at the satellite center-of-mass. QTI’ ?{Tz, />\<T3,
the positive,orthogonal unit vector triple with §T1 coincident with local horizontal

component of orbital velocity. §T3 parallel to §01 (orbit radius vector).

Body axis system, centered at the satellite center-of-mass and coincident with the
principal axes. }’}Bl, S\(BZ’ 9{133 the positive, orthogonal unit vector triple with

9{31 out the nose (roll axis), ’}}BZ out the left side (pitch axis), XBg Up (yaw axis).

Damper axis system, centered at the damper unit center-of-mass and aligned with
the damper principal axes. 9<D1, ﬁDZ’ 9‘D3 the positive, orthogonal unit vector

triple defined by the coordinate transformation [E] .

Coordinate Transformations

The sun line-inertial coordinates are related by the transformation matrix [A] and il-

lustrated by the accompanying sketch. The rotational order from

&1 to Xg is a (about 9{12),

then 8 (about 9{53).

A

A
st

A
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The inertial-orbital coordinates are related through the matrix [B]. The rotational
order from Xyto Xpis ¥, 6, ¢.

A
X
[ A a7 I3 2
XOl xIl 02
A N
*02| = [B] | *I2
2 b A
i O3 | I3_ / - sz
%
I

Satellite ¢. m.

cos® cosy- sin® cos@sin ¥ cos@sin¥+ sinPcos@cosW¥ sindPsin@®
[B] = |-sin® cos ¥- cosPcosOsin¥ -sindPsin¥+ cosPcos@cos¥ cosPsin@

sin® sin & -sin ®cos ¥ cos @

The orbital-trajectory coordinates are related through the matrix [c].

N
A ] [ A X
A
A A X
X1o9 | = [C)] XOg A c.m. T2
X
A A Tl
XT3 XO3
0 1 0
X
(cl=1]o o 1 01 .
X0
1 0 0 ;;\ 3
Oy

The trajectory-body coordinates are related through the matrix [D]. The [D] matrix
represents a standard Euler angle transformation (similar to the matrix [B]). However, the
rotational sequence followed from X to Xpg is pitch (8), roll (¢), and yaw ().

QBJ ?(le
A A
XBy| = [(p] XTo
A A
LXB3 XT3
- - J
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cosf cosy + sin 6 siny sing cos¢siny -cosyPsiné + siny cos 6 sin ¢
[D] =| -cos 6 siny + sing cosy siné cos ¢ cos Y sinysin g + cosyPcosd sing
sin 6 cos ¢ -sin ¢ cos 8 cos ¢

The damper-body coordinates are related through the matrix [E]. The rotational order
from body to damper axes is yaw (p), then pitch (9p). There is no roll displacement between
these axis systems.

A 'y
XD1 XB]_
A A
XD3 XB3
cos Oy cos Yp cos 6p sinyp -sin Op
[E] = -sin ¥ cos Yp 0
sin 6p cos ¥p sin p sin¥p cos Op

Note that the above transformations relate orthogonal sets of coordinate axes and there-
fore the inverse is equal to the transpose of any of the above matrices, i.e., A1 = AT, Note
also the general form of any matrix given in terms of its elements as demonstrated below.

a11 a2 a13
[A] = | ag; a9 293
a3y agz ags

Angular Rates

The kinetic energy expression will contain the angular velocities of the satellite and
the damper rods. This sectionwill define and derive those angular rates. In general, an
angular velocity may be expressed as follows:

—X0 - X A A N
“Xo = wxol X0, * “Xg, X0y * wX03 X0gq (G1)

This notation defines angular velocity expressed in the orbital frame as indicated by the sub-
script. The superscript defines the angular velocity of the orbital frame relative to inertial
space. This notation will be used throughout. Where necessary, the superscript notation will

. be applied to the scaler components.
The satellite angular velocity is given as follows:
~Xp-X; —Xp-Xr —XT-X{
B I B T T 1
= + e G2
. wXB wXB wXB ( " )
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Assuming a circular orbit, and neglecting perturbations (é = w = 0)
—-Xn-X .
wxg I= [« ] 9{03 = wQ §03 , (wo = orbital rate)

(G3)
Transformation into the Xpg system can be accomplished using [C] and [D].
_\XT - XI -1 —“XO - XI
The body term (;‘XB - XT) is obtained in terms of the Euler angle rates relating the body-
trajectory sets. The scalar components are given as:
Xg-X . :
wa T _ dcos Y + 0 cos ¢ siny (G5a)
By
Xn - X : .
""XE T - 9 cos ¢ cos  -¢siny (G5b)
2
XB-XT _ 4y - sine (G5c¢)
CLXBB
Combining the velocity components provides the total satellite angular velocity in ineriial
space, expressed in body coordinates:
—Xp - X1 n A
“Xp = wXBl XBy * waz Xpy + wXB3 XBg (G86)
where
» A - ; -
XB1
wX l/’
| “XBy | i i

and

cos Y cosg siny 0

[S] = |-sin »

cos ¢ cos Y 0

0 -s5in ¢ 1

Note that the matrix [S] does not transform orthogonal sets, and therefore
s1#sT
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The damper angular velocity will now be obtained from its components:
_\XD - XI —‘XD - XB ——\XB - XI
+

(G8)

“Xp “Xp “Xp

The body rate component may be written in the damper frame with the help of the matrix [E].
—Xp - X1 _ ;1 XB - X1
wxp, = [E] o (G9)

The damper rate component is easily written under the constraint that damper motion is re-
stricted to its own pitch plane only.

—Xp - XB

wxp, = 6p %py (G10)

The velocity components may now be combined to provide the total damper angular velo-
city ininertial space, expressed in damper coordinates:

—Xp - X1

A A A
- G11
wXD wXDl XD1 + wXD2 XD2 + wXD3 XD3 ( )
where
a)XDl = e11 wXBl + e12 (UXBZ + eq3 wXB3 (G12a)
wXDZ = egq wXBl + €22 WXp, * €23 WXp, * 6p (G12b)
wXD3 = €31 “Xp, * €32 waz + e33 wxp, (G12c)
and the terms e11, ejg ---- are the elements of the matrix [E].

Equations of Motion

The equations of angular motion are derived in terms of the generalized coordinates
(¢, 0,%, 6p), using the energy method (LaGrange). The assumption is made that relative
motion takes place about the center-of-mass which is located at the center of the lens. The
center-of-mass is constrained to move in a circular orbit about a spherical earth. The fixed
damper rod is included as part of the main satellite body. The free damper rod is constrained
to pitch motion only, relative to the main body. The system kinetic and potential energies will
now be written, and the energy method applied to obtain the quations.

i 1 2 2 2
Satellite body KE = — <I w + g + Tge ® ) (G13)
y 2 \ XB; “XB; * XBy “XB, T XBy “XBg
1 2 2 2
Damper boomKE = 9 (IXDl wXDl + IXD2 wxDz + IXD3 wXDg) (G14)
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2

Damper dissipation energy = % Kp éD (G15)
Satellite body _ 3 2 2 2 2
potential energy 2 “0 IXB1 di3 + IXBZ dag” + IXB3d33
1
-+ (IXBI +Ixg IXB3) ] (G16)
Damper boom _ 3 2 [ 2 2 2
potential energy - 2 “0 |Xp,f13 *+ Xp, f23 + IXp, I35
1
- G17
3 (IXDI + Ixp, * IXD3>] (G17)
. Damper spring _ 1 2
potential energy 2 K 0p (G18)

Matrix [F] = [E] [D]

Before deriving the equations, the inertia terms are defined as follows. First, for
simplification only, let:

IXBI = L x
IXB2 = Iy—y by definition
IXB3 =1, ,

Now,
Lx = IXw/o booms T uh?
ly.y = IYw/o booms uh? 4 Ig
Iz-z = Izw/o booms * 'F

where ¢ = massof fixed boom + mass of damper boom.

The boom masses are located a distance, h, along the body z axis. The term Iy is the
fixed boom inertia about its own axis system,which is oriented the same as the body axis sys-
tems but located at the boom center-of-mass. The fixed boom inertia is neglected about its
own x-axis (the long, slender axis of the boom). The boom inertias about its own y and z axes
are equal (by symmetry), and defined as IF. Note that the satellite mass plus the boom
masses define the system mass center. The system mass center is the origin of the body
coordinates, Note also because of symmetry:

IXw/o booms Iyw/o booms
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and 9 2
Sy -y = (Iyw/o booms +uhe o+ IF) - (IXW/O booms * #h )

(Iy-y - Ix-x) = Ig = A by definition.

Note that all system inertias and masses have now been introduced into the kinetic energy
of the satellite, with the exception of the damper boom inertia about its own axis system. This
final damper boom inertia is introduced into the total kinetic energy through equation (G17).

The damper boom inertia about its own axis system is now defined. The long slender
axis of the damper is Xp. The inertia about Xp is considered negligible. The boom is sym-
metrical about its own Yp and Zp axes, and therefore the inertias are equal, Now by defini-

tion:

IXDI =0
Xp, = I
Xpg = D

The system equations of motion can now be written with the help of the angular rates pre-
viously derived. The equations are linearized on ¢, 8, and 6p. The yaw angle (¥) is not lin-
earized because the steady-state value can be large. Applying LaGrange under the above as-
sumptions and with due consideration for the non-conservative forces, the partially linearized
equations of rotation result:

(1) Pitch (6)

[ Iy.y-4a sin2y + Ip cos? (¢ + ¢/D)] 6+ 3w02 IIx—x + A sinch -1 5

-Ip cos2 (y+ ![/D)le - [A sin P cos Y+ Ip sin (~¢+ YD) cos ( ¢+¢D)l

[é:' - 3w02¢ + 2w 1/';]+ Ip cos (¢ + wD)[é'D - 3w02 eD] =0 (G19)
(2) Roll (¢)

[ L y+4 sin? v+ IDsin2 (¢ + ‘I’D)] ¢ + 4w02 [Iy—y -A sinzl//— L,

- Ip sin2 (¢'+¢/D)]¢ - [A sin ¢ cos¢+’ In sin (¥ + Yp) cos (¢ + ¥p)

[ 6 - 3wOZOJ +[IZ_Z - A cos 2¢ + 2Ip sin? (Y + l,bD)] wo¥ - Ip sin (¥+ ¥p)

[p - 4wo20p] = 0 | (G20)

(3) Yaw (y) |

[ I,_, + ID] P+ [A sin Y cos ¥ + Ip sin (Y + ¥p) cos (P+ IIID)] éuoz
_[IZ_Z+ID—Acos 2¢-Ipcos2(y+ ¢D)‘w0¢; -

+[A sin ¥ cos ¢ + Ip sin (P+¥p) cos (Y + t,llD)] 2wg 6

+ Ip sin (Y + ¥p) 2wp éD =0 (G21)
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e

(4) Damper (6p)
Ip 6 + Bip + {K - I wo? [ 3 + sin2(w + ¥p)|}6p + Ip cos (¥+¥p)

(6- 3wy26) - Ip sin (Y +¥p) (6 - 4wg? ¢ + 2wpY) = 0 (G22)

The equations of motion will now be normalized to obtain results in parametric form. At the
same time, further simplifications will be made by redefining terms to obtain a more compact
notation. Therefore the following changes are made by definition:

4a _1 4d 4 o
dr " wp dt - Ty = external torque in pitch
Ty = external torque in roll
2 2
_a® 1 47 _ 2 - .
w2 woz at - S _ T, = external torque in yaw
. . Tp = external torque in damper
B = B/wplp
TY
K” = K/(.uo2 Ip . Ty = IX—X Wy
D - ID/IX ) " TX
T e
F = A/IX—X =-IF/Ix_x X IX—X woz
J = (Igez + Ip)/Ix x " T,
2 2 Tz = 2
A = Fsinéy + D sin®é Iz-z %0
E = Fsinycosy + D sin 6 cos § " Tp
Tp = 2
8 =y +4dp Ip wp

Under the above definitions, the final form of equations (G19) through (G22) become:

B A T r 9
S2(1+F+D-4) -(s2-3)E -2SE (82-3)Dcos 6 Fo Ty | (G23)
+3(1-J-D+A) ' .
(S2-3)E S2(1+A) S(J-F+24)  -(S2-4)Dsind| [ ¢ | |Tx | (G29)

+4(1-J-A+F) '
2ES -S(J-F+2A)  S%(J+D)+E** 2SDsin o | T, | (Ge5)
(s2-3)cos s -(s2-4)sind -2Ssiné s2+sB" +K" | |op| | Tp''| (G26)
-(3+sin24)

Notethat ¥ is not linearized and E** = E. Further note that * = 1 for the E** term only. In
other words, .

E**y* = E.
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To linearize i about the steady-state value » , let ¥ = yand.. &= y +¢p. Then, E**
E** = Fcos2y +Dcos 28 =F + D - 2A and p** =y.

Orbital Eccentricity Forcing Functions

The effect of orbital eccentricity on the angular motion of the satellite is approximated
in the form of forcing functions which can be applied to the previously derived equations of
motion. The forcing functions are obtained by deriving the differential equations of motion of
the satellite in an elliptic orbit of small eccentricity. The analysis is based on a spherical
earth and negligible second order effects. The damper booms are neglected and the satellite
is a rigid body. The technique of the previous section is applied with some minor changes.

Equation (G3) is now used in the following form:

~Xp-X g
wxg T = %o, : (G27)

Equation (GT7) is therefore changed to the following:

-wXB1- [ 6 ]
w Y
L XBSJ L _!

Equations (G13) and (G16) are now used in the LaGrangian together with the redefined
angular velocities above. This establishes new equations of motion in terms of the orbital
parameters . @, and #/r3. The term 4/r3 replaces wg2 in equation (G16). The new equations
are linearized on ¢ and 6 to be compatable with the previous derivation, and are presented be-
low:

(1) Pitch (0)
[(Ix_X - Iy) sin?y + Iy—y] 6+ (Iy_x - Iy_y) siny cosyg + 2¢ysinypcos P(ly_y - Iy

3u i
* r3 {[Ix-x “Ipp t (Iy—y - I ) sin“y} 6

+ d‘(]x_X sinzw + Iy_y coszdl)
+ sin Y cos w(Iy_y - Ii ) ¢} =0 (G29)

(2) Roll (¢)

[ Tex + (Ty_y = Ty sin?|@ - (I _y - Te_y) sin  coswé - 2dgcos 29(Ty_y - T, )

I siny cos¢5+<1"2 [Iy—y -1, ,- (Iy_y - Iy %) sin2$]¢+ I, d'n,/}

- (I X_x)

vy~

3 . .
+r—g{[1y_y -1, 5 - (Iy_,y - Ix-x) sin2y ] o+ (Ix_x - Iy_y) sin ¥ cos ll/0}= 0 (G30)
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(3) Yaw (¢)
Iz_z[ y-o - dﬁ'¢|+ d'bd;(Iy_y - Iy.x) cos 2¢ + dt(Iy_y - Ix.x) sin ¥ cos ¥
+266(L;_y - Ty_y) siny cos P =0 (G31)
Now the orbital parameters r, d , and fb'may be written in terms of eccentricity (€),
average orbital rate (wg), and time. This is accomplished by using Kepler's equations and
ellipse geometry. The orbit is assumed to be two-dimensional (as before) and the initial point
is perigee, therefore:
M =wgt=E - €esin E ' (G32)
r = a(l - € cos E) (G33)

where (E) is the eccentric anomaly, (M) the mean anomaly, and (a) the semi-major axis of the
ellipse. The orbital rates can now be written in terms of the momentum per unit mass (h):

¢ = h/r2 (G34)

¢ =(- 2¢/r)(h/r2) (G35)
and using equation (G33):

By _ 3u 1
r3 a3 (1 - € cos E)3

Assuming small eccentricity (¢e<<1), and following Sonnabend (ref. 12), the equations may be
approximated as:

¢ = @wp (G3e)
$ = -Zwoz € sin wqt (G37)
3u/r3 T 3 wp? (G38)

These terms may now be substituted into equations (G29), (G30), and (G31). Comparison with
the angular equations for a circular orbit then yields the effect of eccentricity in the form of
forcing functions. They may then be applied to the equations of motion derived in the first
section. Going through the above procedure, the forcing functions have the following form:

(1) Pitch (8)
(2 woz € sin wqt) (Ix_x sin 2y + Ly coszw) (G39)

(2) Roll ()

(-2 w02 € sin wqt) (Iy_y - Ix-x) sin ¥ cos ¥ (G40)
(3) Yaw ()
(2 wp? €1,_, sin wpt) ¢ (G41)

Note that these equations are derived in terms of the generalized coordinates ¢, 6, and
Y. Inthis formthe equations are restricted to the generalized coordinate system.
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Comparing the relative magnitudes of the torques.and their effect upon the resultant atti-
tude errors, only the pitch function, equation (G39), is of any consequence. Equations (G40)
and (G41) will therefore be neglected. The damper inertia will now be added into the pitch
function by comparing with the form of the original pitch equation of motion (G19). Therefore
equation (G39) will take the form:

2 woz € sin wot)[ Iy x sin2y + Iy_y cosyP + Ip cosZ (l/J+lI!D)] (G42)

Equation (G42) can now be normalized and thus put in a form compatible w?t'h equation
(G23). Note that this forcing function now has the form of an external torque Ty . Therefore:

T, '=2€e(1+F+D- A) sin wgt (G43)

y

Solar Torques

Torques about the body axes due to solar pressure have been derived in Section IV of
reference 11. These torques arise from four satellite subsystems: lens, torus, booms, and
canisters. Neglecting the booms and torus, the torque expressions have the following form:

P;m
My = ;C {- ﬂLZ A3 sin 2p max * 2uc2 Rc2 L }sin 2 acos B (G44)
Py 2 23 2 _ 2 , _
My = aC {- ur,” A sin 2pmax + Zuc R, L }sm 2 a sin f3 (G45)
M, =0 (G46)

where the terms are defined as follows:

P, = incident radiation power per unit area

C = speed of light

Uy, = ratio of reflecting to total lens area (1 = 100 percent closed area)
A = lens radius; ft

Pax = included lens angle, deg
Heo = canister reflectance coefficient (1 = 100 percent reflectance)
R = canister radius, ft

= canister height above c. m., ft

a & B = variables defining body orientation relative to the sun
P;/C = 9.649 x 1078 1b/5t2

For a given satellite configuration, the equations reduce to:

My = Cj sin 2a cos 8 (G47)
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=
1

y Cq sin 2a sin B (G48)
Mgz =0 (G49)
where the constant C1 is defined assuming a canister reflectance coefficient of one.
Cy = (7.58 x 10-8) (—uLZ A3 sin 2ppy ax + 2Rc2L)

As shown in the sketch below (taken from reference 11), the variables a and 8 are seen
to depend on satellite body axis orientation relative to the sun line ( ¢ ).

B
A
A
£
=\ .
—————— 7. = YB
!

X

B
The sun line (’5\ ) defined in reference 11 is the unit vector ’:‘(sl defined in this report. Further,
the body axes (XB, YB, Zp) are the axis system (QBI, /}\(BZ’ 933) defined herein. Therefore,

the orientation angles (2 and 8) may now be defined as follows:

}QS AB
@ = sin”] 1 - 3 (G50)
Xsl XSI
XS 2
B
3 =tan-1 |- 1 ~ 1 (G51)
g, XBoy
where '}\{Sl is obtained from:
A A
xSl xBl
252 = [A] [B'l] [C'l] [D'] :’EBz (G52)
A A
XS3 *B3

Two specific cases will now be analyzed. Case I assumes that the sun lies in the orbital
plane. Case II has the sun at 45 degrees to the orbital plane. Note that the matrix [A] uses
the angles a and 8, which are not the same angles defined in reference 12 and equations (G50)
and (G51). However, no confusion should result. For Case I, the matrix angles @ and B are
equal to zero. Since the earth is assumed spherical, the angles @ and ¥ may be taken as zero.
Equation (G52) then becomes:
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QSI = (-dyq sin® +dj3 cos?®) QBI +{(-dgq sin® + dg3 cos ?) §32

+(-d3y sin @ + d33 cos P) ?(Bs (G53)

and therefore

?{Sl . 9{31 = (-dy1 sin ® + dyg cos®) (G54)
%s, - %pgy = (-dgy sin @ +dp3 cos®) (G55)
5‘{51 . ')\{Bs = (-dgq sin @ + dgg cos®) : (G56)
A A
S]. . Xsl =1
where
® = P9 + wnt (circular orbit) (G5T)
0 0

These equations, (G47) through (G51) and (G54) through (G57) now completely define solar tor-
ques in the body axis system for Case I.

For Case II, where the sun is at 45 degrees to the orbital plane, the matrix angle @ may
be taken as 45 degrees. The matrix angle 3 is equal to zero, and the angles © and ¥ are again
zero. Letting sin 459 equal cos 45° equal C9, equation (G52) is obtained and the defining dot
products become:

§31 . ;\(Bl = C9 (-dy1 sin @ - dyg + d13 cos @) (G58)
A A .

Xg; - XBg = Cg(-d21 sin® - dgy + dg3 cos @) (G59)
§81 . §B3 = Co (—d31 sin® - dgg + d3g cos P) (G60)
Rgy - Rgy =1 (G61)

Now, equations (G47) through (G51) and (G57) through (G61) completely define solar torques in
the body axis system for Case II,

Now the torque equations (G47) through (G49) may be used as forcing functions in the
equations of motion, (G19) through (G21), after a conversion to generalized coordinates. This
is accomplished using the expression for rotational power, and the matrix transformation [S].

Define:
Tq; = solar torque about the generalized coordinate ¢
Tg = solar torque about the generalized coordinate @
Tw' = solar torque about the generalized coordinate y

184



APPENDIX G

Therefore:
LT P 1
¢ “xB4
. wXB
[T5 T5 Tg] | 6 |= [Mx My Mz] 2 (G62)
. (Ux
| ¥ | B3 ]

Using equation (G7), the solar torques may now be written in generalized coordinates:

T¢' = My cos ¢ - My sin ¥ (G63)
Tg = My cos ¢ sin ¥ + My cos ¢ cos ¥ - Mg sin ¢ (G64)
T; = My (G85)

The solar torque forcing functions will now be simplified for Cases I and II.

Assume:
6 =0
0o=20
= y (const)
= 0 (in equation G57)
Then:
cos y sin y 0
[D] = |-siny cos ¥ 0 (G66)
0 0 1

andfor Case I, therefore:
tan 3 = cot y = tan (90 - y)
B =1(90 -y)
sin @ = cos wgt = sin (90 - wpt)
sin 2a= sin 2wqt

Substituting into equations (G63) through (G65), by way of equations (G47) through (G49), the °
solar torques become:

T = 0 (G67)
Tg = Cq sin 2wqt (G68)
Ty = 0 (G69)
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Note that Ty is an external pitch torque, Ty, in the equations of motion previously derived.
We may therefore normalize to obtain the I);nal form of the Case I solar torque forcing function
as follows: ‘
T Cq sin 2 wgt
y 1 0
oo - (G70)
y Ix_x woj2 L _« w(?f

For Case II, using equation (G66),

cos y sin wqt + siny

tan 8 = sin y sin wgt - cosy

using the identities:
tan 3 = Vsec2 3 - 1
cos 8= 1/sec B
sin 8 = cos B tan 3

then:
cos y sin wqt + siny

sin B =
J1 +sin? wot
sin y sin wot - cos Y
cos 3 =
J1 + sin? wot
and for a, first let

Cco =1/J2

then
cos wqt

V2
cosa =vV1 - sin? o
therefore:

sin 2a = cos wgpt Jl + sin2 wot

Substituting into Equations (G63) through (G65) by way of equations (G47) through (G49), the
solar torques become:

sina =

T¢; = Cy cos wqt (G71)
¢

Ty = 5 sin 2wt (G72)

T!/; =0 (G73)
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Note that T“? is the torque Tk, and T4 is the torque T, in the equations of motion previously
e

derived. may therefore normalize to obtain the final form of the Case II solar torque
forcing functions as follows:
. T Cq cos wpt
Ty = = 5 = ! 20 ) (G74)
L-x wo Ix-x )
T C7 sin 2wqt
" y > 0
Ty = ——g =~ ——% (G75)
Ik-x @0 L-x wo

Fixed and Damper Boom Solar Torques

Boom solar torques are derived by obtaining the force on each boom due to solar pres-
sure, and then multiplying by the respective moment arms to the satellite center-of-mass.
Both the fixed and damper booms have the same configuration and coincident mass centers.
This permits the derivation of solar force to be made for one boom and applied to both. Since
boom force is the integral of pressure acting over the area, the resultant solar force, due to
symmetry, acts at the boom mass centers.

The solar force on the booms is derived for one specified pair of booms and three speci-
fic positions of the sun relative to the satellite's orbit. The force is then broken down into
components and plotted as a function of satellife orbital position. These forces are then gen-
eralized into forcing functions for use with the equations of motion.

For purposes of deriving the solar force, the following assumptions will be made:

(1) The sun is at infinity and therefore all rays are parallel.

(2) All solar radiation is specularly reflected.

(3) Vehicle motion is negligible (sun line orientation is constant relative to the booms).

The expression for force on the booms due to solar pressure will now be derived. First
the coordinate systems as shown in the sketches below are defined.

%, ¥, 2 The unit vectors aligned with

the cylinder. z
y A Pg
’151, ﬁz, f>3 The unit vectors with ’131
aligned with the sun.
X
o
Py
12 y

Boom coordinates for solar pressure
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A
z 9
?, 6, R Unit vectors aligned with the
cylinder, ? the normal, 6 the A
tangent. T
Boom cylindrical
coordinate unit
(V] I vectors
>y
The transformations are written as follows:
T A ] - A 3 .
P1 X cos « sin a 0
p2 | =1[4] 9 , [A] = | -sina cos a 0
P3 | 2 | 0 0 1
ES [ 2] [ 1 0 0
¥ = [B] £ , [B] =10 cos § -sin@
A A
z J 6 ] 0 sin 6 cos 6

In terms of the above defined coordinate systems, the force on an element of area due to
specularly reflected solar radiation is given as:

dF = - p2 P—Ci A (g . 28 (G76)
where
P;/C = 9.65x 1078 b /ft?
« = 1 (assuming total reflectance)
dA = rdfdx

and evaluating (61 . P using the transformations defined above:
(p1 . 1) = sin a cos 6.

The total force in the y direction (cylinder normal force) can now be obtained using the
transformations above:

N Lem/2 9
Fy = F- g =- ff (24 P;/C) (rdodx) (sin a cos §)” cos 6 (G77)
0YJ-1/2
Fy = - (2u8) eh) 5 (G78)

The force (Fy) can now be expressed in satellite body coordinates through the use of the sketch
on the following page.
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FYB = Fy sin B
(G79)
Fxg = Fycos B

Equations (G78) and (G79) are now used to evaluate the boom solar forces for three con-
ditions. Case T assumes the sun is in the orbital plane. The results are presented in figure
G1 along with the specified boom dimensions and attitudes. Note that the sun may be broken
down into components, and each component evaluated separately. Note also that FZB is
omitted because it contributes no moment.

Case IT assumes that the sun is inclined 45 degrees to the orbital plane. The results
are presented in figure G2. Again, the solar force is obtained from equations (G78) and (G79)
and resolving of the sun components.

Case I assumes the sun is normal to the orbital plane. The results are constant around
the orbit and are tabulated below:

Fyp = -0.0009 x 104 1b

0.1416 x 10-4 1b

Fyp

A generalized forcing function will now be derived for use in the equations of motion.
Note that the forces (Fy and Fy) shown in figures G1 and G2 may be written as:

FyB = FYO + Fyl sin wqt
where the phase angles are negligible.

Fyn = Fx., + FXl sin wgt

B 0
The torques may now be written as:
Txg = b (FyO + Fy, sin wot) (G80)
Tyg = h (FXO + Fxq sin w0t> (G81)
where h is the moment arm from boom c. m. to satellite c. m. Equations (G80) and (G81) are
for a specific boom length of 1200 ft and a radius of one-half inch. The equations may be

generalized for any boom length and diameter by the following corrections:

Ty

B
Txg = h (FXO + Fx, sin w0t> (1./600) (2r) (G83)

h (Fyy + Fy, stn wgt) (L/600) (21) (G82)

where L is the new boom semi-length in feet and r is the new boom radius in inches. It only
remains to resolve the torques equations,(G82) and (G83),into the pitch and roll axes used in
the equations of motion, and to normalize. Since the assumption was made originally that the
torques may be treated as steady-state, the transformation to the generalized coordinates is
written in final normalized form:

" . 1
Tyg = (TXB siny + Typ cos 'y) —g (G84)
wo Ix-x
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o : . 1
Typ = (TXB cosy - Tyg sm‘y)w (G85)
-x

where TyB and TXB are given in equations (G82) and G83). Note now for a fixed ¥ we may

write sin y and cos y as constants. Therefore, the final form of the torque equations is
written:

" __h Lry (o r
Tyg = 7 (3%0) (Fyo + Fyy sin wot)
Ix-x w0

" h Lr ! ! .
TXB = ;—2 (‘3—06‘) (FXO + Fxl Sin wot)
x-x “0

where the primed terms contain both F, and Fy terms.

Summary

The derivation of the linearized rotational equations of motion for the lenticular satellite
with a modified Ames damper system has been completed. The equations are valid for the
satellite in a circular orbit and include the torques due to gravity gradient. The orientation
of the satellite relative to an attitude reference frame, and the damper attitude relative to the
satellite, may be obtained by integrating equations (G23) through (G26). The integration pro-
vides the transient response when the torques are set equal to zero. The steady-state response
to external forces may be analyzed by applying the proper torque expressions that simulate
specific torque inputs.

A torque input (forcing function) that simulates the effect of orbital eccentricity has Been
derived. When equation (G43) is used in the equations of motion, the steady-state response to
eccentricity may be evaluated.

Torque inputs simulating the effect of solar pressure have been derived for specific
cases. For the sun at 0 and 45 degrees to the orbital plane, the expressions for the effect of
solar pressure on the basic satellite are derived. Solar pressure on the damping booms is
also derived for the sun at 0 and 45 degrees to the orbital plane. In addition, the booms are
expected to produce the largest hang-off error when the sun is at 90 degrees to the orbital
plane. This torque has also been derived. Use of these solar torque expressions will permit
the evaluation of steady-state response due to solar pressure.

This appendix has covered the derivation of the linearized equations of motion, and cer-

tain of the important disturbing torques. These equations were used in the simulation of the
rotational dynamics of the gravity-gradient stabilized lenticular satellite.
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Figure G1. - Solar pressure force on damper booms with sun line in orbital plane
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APPENDIX H
DERIVATION OF REALIZABLE DAMPER BOOM MASS MOMENT OF INERTIA

General

The damper boom is one of the two booms of the X arrangement in the Ames stabilization
system. The DeHavilland tube scheme has been considered, with General Electric's Consil
995 material with 160° nominal overlap. This material consists of 99. 5 percent silver, 0.3
percent magnesium, and 0.2 percent nickel. For convenience the physical and mechanical
properties of this material are given below (ref. 13): '

Ultimate strength, Fryy = 60 000 psi

Yield strength,Fpy = 50 000 psi

Young's modulus, E = 13 x 106 psi

Solar absorptivity,a = 0.09

Thermal conductivity, K = 155 Btu/hr-ft-OF

Coefficient of thermal expansion, 4 = 10 x 10-6 in. /in. -OF

Density, w = 0.380 lb/in. 3
In order for the damper to operate efficiently and reliably, the maximum tip deflection
should be held as low as possible. Furthermore, for maximum utilization of the damper

weight the distribution of rod mass and tip mass should be such that for a prescribed tip de-
flection the mass moment of inertia of the damper about its midpoint be a maximum.

Critical Conditions

Critical condition for the damper boom deflections are

(1) Solar heating

(2) Static condition due to normal flight (gravity-gradient and .inertia loads)
(3) Tumbling of the satellite at the rate of five times per orbit.

Since solar heating can be present with either the second or third conditions listed above,
the following two cases have been considered:

(1) Solar heating and static condition
(2) Solar heating and tumbling at the rate of 5w

{For each of these two cases, maximum tip deflection equations are derived below.

193



APPENDIX H

Solar heating and static condition. - The temperature differential across the diameter
of the boom is given by the equation

aSr2
Kt

AT = sin ¥ (ref. 13)

where S = 440 Btu/hr-ft2 (solar radiation constant). Substituting numerical values K = 155,
¥ =900, a = 0.09 yields

_ 0.09(440) r2 _ r2
AT = Teeo- —p = 0-0213 (H1)

Th6e optimum relationship between r and t is Fpy = %— from which (Fpy = 50 000, E = 13 x
10° psi)

t = (H2)

Substituting equation (H1) into equation (H2) yields

AT = 2.77r [°F] (r in inches) (H3)

The termal tip deflection & is given by

s uATLZ  10-9 (2.77)L2
T = 4r - 4

or

&1 = 0.6925 x 10-5 L2 (H4)

An upper limit for the damper boom half-length, L, can be
determined from equation (H4),

Lmax = 1.444n x 10° in., (H5)

where n is the ratio dT(max)/L- Let W = weight of concentrated tip mass and WR = weight
of half rod. Then the total weight W of the damper is given by the equation

W =2 (WT + WR) - (H6)

With the damper boom normal to the orbital plane, the tip deflection due to gravity-gradient
forces is

(H7)

s (wT L3 WRL3) 3w2h
B=\"3ET " "8EI/ ¢

where w is the orbit angular velocity of the satellite, h is the height of the tetrapod, and g =
386 in. /sec? (ref. 14, page 7). The total tip deflection, 6 , expressed as a multiple of L, is
3w2hL3 (‘_’V_'; WR)

SEI \ 3 * B (H8)

6= nL = 0.6925L2 x 1072 +

Weight of half-rod Wg:

360 + 160
360

rzL
130

52
WR = 2nrt (0.380)L = '3—6- (277)(0.38)
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or
Wg = 0.02653 r2 L (H9)
Substituting equation (H9) into equation (H6) and solving for W yields
A 2 '
WT =5 - 0.02653r“L. (H10)

Substituting equations (H9) and (H10) into equation (H8), and noting that E = 13 x 106,

~ 3, T 4
I-nrt—130r.

Simplifying yields

21,2
n - 0.6925 x 10°° L - 0.02474 x 10-6 £-BE- (—‘gi - 0.005527r2L) =0
r
or
F(L.r) = 1050 r? - 6.925r%L - 0. 02474 thLZ(‘g— - 0.005527r2L) =0 (H11)

Equation (H11) can be thought of as a constraint between L and r, when n (see eq. H8) and W
(see eq. H6) are given quantities.

The problem now is to determine the maximum value of the quantity

Iy = 2<W'TL2 e WRLZ) - 1.2 (w - -;—WR>
- 21,2 (% - 0.01769 r2L> (H12)

with the quantities L and r subjected to the constraint (eq. H11).

Hence,
dig d
aly _ ar2.2 a3 dr_
= 0 = 2Lw - 6L2r2 (0.01769) - 4L3r (0.01769) X
or
W _ 0.02653r2L - 0.01769 r1.2 9L _ ¢ (H13)
p dL
where
ar %ﬁﬁ 6.925r4 + 0.02474w2h (%&- 0. 016581r2L2) (
ar _ - H14)
dL. %ﬁ) 4r’n x 108 - 27. 7051 + 0.0002734 w2h 1.3r
Substituting equation (H14) into (H13) yields
4 2 (\EL- 0.016581r2L2)
¥ - 0.02653r2L - 0.01769rL2 6.925r" + 0.02474w"h | 73 -0 (1115)
ar3n x 108 - 27.7r3 L + 0. 0002734 w2h 1.3r
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For n = 1/10 (tip deflection to boom semi-length ratio), equations (H11) and (H15) solved for
r and W yield

4.335 - 0.0001738L + m 335 - 0. 0001738L)2 + 6.2882(1- 0.00006925L)2

r2 = L3w2h 3 5
(10° - 6.925L)

105r4 4 13.67 x 10-5r2L3¢%h - 6.925r4L
W= 7 3

0.004123L" w"h

Table H1 is the digital computer output for corresponding values of L, r, wzh. W and

Ij(max)- The numerical values of Table H1 have been graphically represented in figures H1.
H2, and H3. Figure H3 has been crossplotted from figures H1 and H2.

Solar heating and tumbling about pitch axis at the rate of 5w. - With the damper boom in
the orbital plane and normal to the axis of the satellite, when the latter is along the local ver-
tical the forces of a tumbling satellite are (from ref. 10, appendix C, pp. C-2 and C-3):

dF, = [—30.)2 (z sin @ cos @ - x sin® a) +w02 X - 2w w0x+%w2 A xsinza] dm
dFy = -w?2 ydm
dF, = [-sz (x sin @ cos @ - z cos? a) +w022-2wwoz-%w2)\xsinZa]dm

where
A=(ly-I)/l;anda = 0° y = 0, z = h.

For wgp = - 4w (tumbling angular velocity about the pitch axis equal to 5w. i.e., « re-
quired for proper orientation of satellite with respect to the local vertical, plus additional 4w)
and with the above numerical values for a, y, and z, the above equations become:

dFy = x (16cu2 + 8w?) dm = 24 w2 x dm
dFy = O

dF, = h (3w2 + 16 w? 4+ 8w2) = 27w2h dm.

Neglecting the straightening effect of the forces dFy, the damper boom is subjected to
uniformly distributed (due to rod’s own weight) and concentrated tip loads(end masses)
described by equation dF, = 27w2h dm. The optimization of the damper rod coincides with
the case previously considered, with the only difference in the coefficient in «?h, which here
is 27 instead of 3 as in the previous analysis. As a consequence, the only difference between
the solution of the present problem and the previous one is that here the quantity «2h should
be read as 9w2h. Therefore for n = 0. 1,

4,335 - 0.0001738L + v (4. 335 - 0. 0001738L)2 + 6. 2882(1-0.00006925L)2
(10° - 6.9251)%

r2 = 9L3w?h

w - 10504 + 123.03 x 10-5r21.3w2h - 6.925r%L
= 2

0.037107L2w%h

1y =212 (% - 0.01769r2L) o
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WgR = 0.02653r2L (half rod weight)

W
-WR =g

- 0.02653r2L (tip mass weight)

The quantities r, W, W, W, and Ij were determined for w2h = 10‘5, 10'4, 10'3, and 10“2',
and L = 600, 1200, 1800, 2400, ..... 9000 inch and the computer output is given in table H2.

Figures H4 through H6 are graphical representations of the numerical values of table H2.

LENGTH

L, in
6Q0.
600.
600.
60C.
120¢C.
1200.
1206.
1200.
1800.
1800.
1800.
1800.
2400.
2400.
2400,
2400,
300¢.
3006,
300C.
3000.
3600,
3600.
_ 3600.
3600.
420C.
_4200.

4200.

TABLE

w?h
in./sec?

1.00QQ0E~-05
1.0000VE-04
1.00000E-02
1.00000E-02
1.00000E-05
1.00000E-04
1.00000E-03
1.00000E-02
1.00000E-05
1.00CO0E-04
1.00000E-03
1.00000€-b2
1.00000E-05
1.00C00E-04
1.00000€-03
1.00000E-02
1.00G00E-D5
1.00000E-04
1.00000E-03
1,U0000€-02
1.00000E-05
1.00000E-04
1.00000E-03 _
1.00000€-02
1.00000E-05
1.00000E-04

1.0000CE-03

H1. -

COMPUTER DATA FOR THE SOLAR

HEATING AND STATIC CONDITION

ROD RADIUS

r, in.
1.46249E-03
4.62481E-03
1.46249£-02
4,62481E-02
4426508E-03
1.348B74E-02
4,2€£5080-02
1.34874E-01
8.06254L-03
2.55909E-02
8.06254E-02
2.55909E-01
1.28922€-02
4,07686E-02
1.28922£-01
4,07686E-01
1.86822E-02

5.9C783E~02

1.86822E-01

5.90783E-01
2.55239E-02

8,671306E-02

DAMPER WT

W, b
7.20907€-05
7.208CTE-04
7.20907E-03
7.20907E-02
1.23419E-03
1.23479E-02

1.23479€-01

6.71875¢-03
6.71815E-02
6.71875E-01
6.71875E-0C

2.29248k-02

2.29248E~01 1.05828E-C1 .

2+.29248E-0C

2.29248€ 01

6.07248E-02.

6.07248E-01

6.07248E-0C

6,07248E Q01 2.77788E C}__

1.37385€£-01

1.37385E-0C

HALF ROD WT
Wg, Ib

3.40468E-C5
~3.40468E-C4
3.40468BE-C3
3.40468E-C?
5.79125E-C4
5.79125€E-C3

5.79125€-C2

TIP MASS WT
wy, Ib

1.99856E-C6
_1.99856E-05
1.99856E-04
1.99856E-03
3.82705E-G5
3.82705E-04

'3.82705E-03

3.12737€-C3

3.127376-C2

3,12737E-C1

3.12737eE-CC

1.05828E-C2

1.05828E-CC

1.05828€ 01

2.J1788E-C2
2.77788E-C1

2.77788E-CO

6.22204E-C2

6.22204E-C1

2.32004E-04

2.32004E-C3

2.32004E-02 _

2.32004E-01

8.79585E-04

MAX INRT MO

Id(max)l 1b=in.2

9.60711E~CO
9.60711E 0O}
9.60711E 02

9.60711E 03

6,65969E 02

6.65969E 03

6.65969E 04

6.65969E 05

B8.25596E 03

8.25596E 04

8.25596E Q5

8.25596E 06

5.07555E 04

8,79585E-03_ 5.07555€ 05 "

8.79585E6-02
8.79585E~01
2.58356E-03

2.58356E-02

2.58356E-01

_2.58356E-00

5.07555E 06

5.07555E 07

2.13114E 05

2.13114E€ 06

2.13114€ 07

2.13114E 08

6.47201E-03

7.05136E 05

7.05136E 06

2.55239E=01 1.37385E 01 6.22204E-00 6.47201E-01 7.05136E Q7

8.07136E-01

3.35159E~-02

1.37385%E 02

2.79460E-01

6.22204E C1

1.25166E~G1

1.45635e-02

6.47201E-00

7.05136E 08

1.05986E=01 _ 2.79460£~0C 1.25)166E-CQ__1.45635E=01

3.35159€-01

2.79460E 01

1.25166E C1

1.98520E 06

1.98520E 07

1.45635E-0C

1.98520€ C8
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APPENDIX H

COMPUTER DATA FOR THE SOLAR

HEATING AND STATIC CONDITION - Concluded

4800. 1.00000E-05 4.27966E-02

LENGTH w?h ROD RADIUS  DAMPER WT HALF ROD WT  TIP MASS WT  MAX INRT MO
L, in. in./sec2 r, in. W, Ib Wg, Ib Wy, 1b Id(max)s Ib=in.2
4200. 1.00000€-02 1.05986€-00 2.794¢0E 02 1.25166E C2 1.45635€ Ol 1.98520E 09

527238E-01 2.33237£-C1

3.0382C0E-G2

4.98117E_06

4800. 1.00000E~04 1.353356-01 5.27238E-0C 2.33237E-CO 3.0382CE-01 4.98117€ 07
4800. 1 .D0000E~03 4.27966E-01 5.27238E 01 2.33237€E Cl 3.038206-C0 4.98117E GB
4800, 1.00000E~02 1,3533%¢-00  5,27238E 02 2.33237€ €2 _3,03820€ Ol _4.98117E 09
5400. 1.00000E~05 5.35521E-02 9.41723b-01 4.10851E-C1 6.00101E-02 1.14837¢ 07
5400, 1.000006~04 1.69347e-01 9.41723E-0C 4.1C851E-CO 6.00101E-01 1.14E37£ 08
540Q. 1.00000E-03 5,35521€E-01 9.4]1723E Ol 4.10851€ C} 6,00101E-00 1.14837€ 09
5400. 1.00000E-02 1.69347E~00 9.41723E 02 4.1C851k C2 6.0010LE Ol 1.14837E 10
6000. 1.00000E-05 6.6C296E-02 1.61588E-0C 6.94011E-C1 1.13932E-01 2.48531E 07
6000. 1.00000E~04 _2.08804E-01 1.61588E 01 6.94011E-CO _ ].13932E-CC 2.48531E 8
6000. 1.00000E-03 6.60296E-01 1.6158BE 02 6.94011E C1 1.13932€ 01 2.48531E €9
6000, 1.00000E-02 2.08804E-00 1.61588E 03 6.94011E C2 1.13932E 02 2.48531E 10

_ 6600.  1.00000E-05 8.05584E-02 2,693326-0C 1.136336-C0.. 2.10Q3356-01..5.13109k 07
6600. 1.00C00€-04 2.54748E-01 2.69332E 01 1.13633E C1 2.10335E-CC  5.13109E C8
660C. 1.00000E-03 B8.05584E-01 2.69332E 02 1.13633E C2 2.10335F Ol 5.13109E 09

o 6600.  1.00000£-02 2.547486-00 2,69332F 03 1,13633FE_C3 _2.1C335€_02 5.131096_10
7200. 1.00C00E-05 9.75822E-02 4.40626E-0C 1.81891E-CC 3.81220E-Cl1 1.02363E 08

- 7200. 1.00000E-04 3.08582E-01 4.40026C Ol 1.81891E Cl 3.8B1220E-CC 1.02363E G9
1200, 1.00U00E~03 _ 7.75822E-01_ 4.40026E 02 _1.81891F C2 . 3.8122GE_C1 _1.02363F 10
7200. 1.00000E-02 3.08582E-00 4.40026E 03 1.81891E C3 3.81220E 02 1.02363E 11
7800. 1.00000E-05 1.177106-01 7.l0258E-0C 2.86719E-CC 6.84099E-C1 1.99491E 08
7800, 1.00000E-04 _3,72231E-01 7.10258E 01 2.86719E Cl__ 6.84099€-0C_ _1.99491E 09
7800. 1.00000E-03 1.17710E-00 7.10258E 02 2.86719E €2 6.84099E 01 1.99491E 10
7800. 1.00000E-02 3.72231(-00 7.10258E 03 2.86719E Q3 6.B4099E 02 1.99491€ 11
8400. 1.00000E-05 1.417956=01_ 1.14120F 01 4.480626E-C0 1.225406-CC  3.83617E 08
8400. 1.00000E-04 4.48395E-01 . 1.14120E 02 4.48062E Cl 1.22540E €1 3.9361T€ 09
8400. 1.00000E-03 1.41795E-00 1.14120€ 03 4.4B062E G2 1.22540€ 02 3.83617E 10
8400. 1.00000E-02 4-48395E-00 1.1%120E 04 4.4B062E C3 1.22540€_03 3.83617E 11
9000. 1.00000E-05 1.71073E-01 1.83952E 01 6.98781E-CO 2.20976E-CC T7.3518LE 08
900G. 1.00000E-04 5.409796-01 1.83952E 02 6.98781E Gl 2.2097GE 01 7.3518LE 09

. _9000. 1.00000E~03 _1.71073E-00 1.83952¢ 03 6.98781E G2 2.20976£ C2 7.35181F 10 _.
9000. 1.00000E-02 5.4C979E-00 1.83S52E 04 6.987R1E C3 2.20%76E €3 7.35181€ 11
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Figure H2. - Optimum mid-point mass moment of inertia of damper boom versus boom half-length - static condition,
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Figure H3. - Maximum moment of inertia of damper boom about its mid-point for case 1.




TABLE H2.

APPENDIX H

- COMPUTER DATA FOR THE SOLAR HEATING AND

TUMBLING ABOUT THE PITCH AXIS CONDITION

ROD RADIUS

r, in,

4.38748E-03

1.38744E~-02

"4.38748E-02

DAMPER WT
, Ib

6.48816E-03

6.48816E£-02

. 5+48816E-01

1.11131E-02

HALF ROD WT
Wp, 1b

6.48B16E-04 3.06421E-04

TIP MASS WT
W1, 1b

1.79871E-05

MAX INRT MO
Id(,.m,,(),lb-in.2
8.64640E Ol

3.06421E-03

5421212E-03

6421E-01

1.79871E-04

"3.06421€-02 1.79871E-03

1.79871E-02

8.64640E 02

"8.64640€ 03

B.64640E 04

3.44434E-04

LENGTH w?h
L, in. in./sec?
600. 1.00000E-05
60G. 1.00000E-04
60G. 1.00000E-03
600.  1.00000E-02
1206. 1.00000E-05
1200, 1.00000E-0%
120G, __1.00000E-03
120G. 1.00000E-02
T 1800. 1.00000E-05
___1800.__1.00000E-Gé4 _
1800. 1.00000E-03
1800. 1.00000E-02
2400. _1.00000E-05_
2406. 1.00000E-04
2406. 1.00000E-03
2400. _ 1.00000E-02 __
3000. 1.00000E-05
T 3000. 1.00000E-04
__ 3000, 1.00000€-03 _
3000. 1.00000E-02
T 360G. 1.00000E-05
3600. _1.00000E=04 _
3600. 1.00000E-03
~ 3606. 1.00000E-02
4200. 1.00000E-05
420G. 1.000G00E-04
" 4200. 1.00006E-03
____420C. _ 1.00000E=02 _
4800. 1.00000E-05
4800. 1.00000E-04
4800. 1.00000E-03

202

4.04621E-02

27952E-01.

1,;

4.04621t-01

2.427766-02

7.61726E-02

2.42776c-01

T7.6TT26E-01

3.86763E-07

1.22306E-01

3.86765E-01

1.11131e-01

S lell131E-0Q_ .

1.11131e ot

_6.04687E-01

6.04687E-00

€.04687E-02

5.212126-02

5.21212E-01

5.21212&-00

2.81463E-02

N

«81463E-01

2.814

T 6.04687E 01

1.22306E-00

5.60466E-02

5.60466E-01

1.77235C-00

"7.65T16E-02

T.65T16E-01

2.42141E-00

3.17959E-01

1.00548E-00

3.17959E-00

1.28390E-01

4.06004E-01

1.28390E-00

T1.77235E-01

- 1.00548E-01_

2.06323E-00

T2.06323E 0L

2.06323E 02

5.46523E-01

5.46523E 01

5.46523E 02

'5.46523E-00

1.23646E-00

1.23646E 01

1.23646E 02

_2+51514£-00

2.51514E 01

1.23646E 03

9.5

2.81463E 01

9.52452E-01

9.52452E-00

2.50009E-01

'2.50009E-00

_2.50009E Ol __

2.50009€E 02

5.59984E-01

_5.59984E-00_

5.59984t 01

T5.59984E 02

—112650E-00_

1.12650€ 01

..2206323E-01__9.52452E=02 _

24528 01

2.51514 02

22451314k _03_ ]

4.74514E-00
4.74514E 01

4. T4514E 02

1.12650E 02
1.12650E 03
2.09913E-00
2.09913E 01

2.09913E 02

3.44434E-03

3.44434E-01
'2.08804E-03
2.08804E-02

2.08804E-01

T 2.0B804E-00

7.91626E-02

__7.91626E-00

2.32520E-02

2.32520E-01

2.32520¢ 01
5.82480E-02
5.82480E-01
5.824B0E-00

"5.82480E 01

1.31071E-01 _

1.31071E-00

"1.31071E 01"

1.310

71E O

2.73438BE-01

2.73438E-00

_2.73438E 0L

5.99372E

3.44434E-02

. 1243036F

7.91626E-03

7.91626E-01 4.56799E

2.32520£-00

5.99372€ 03

4

5299372 05

5.99372k 06

7.43036E 04
0%
7.43036E 06
7.43036E 07

.56799E 05

4.56799E 06
07
4.56799E 08
1.91803E 06
1.91803E 07’
1.91803¢ 08

1.91803t 09

T6.34622€ 06

o7

6.34622E
6.34622¢ 08

6.34622E 09

1.78668E 07

1.78668BE 08

1.78668E 09

1.7866RE 10

4.48305¢ 07

4.48305€E 08

_4.48305E 09



LENGTH
L, in.

4800.

© 540C.

P40, .

5400.
5400.

_17200.
7200.
7200.

_1780Q0.

TABLE H2. - COMPUTER DATA FOR THE SOLAR HEATING AND

APPENDIX H

TUMBLING ABOUT THE PITCH AXIS CONDITION - Concluded

w2h
in./sec?

1.00000E-02
1.00000E-05
1.00000E-04
1.00G00E-03

1.00000E-02

1.00000E-05_

L.00000E-04

1.00000E-03

1.00000E-0U5

1.00C00E-04

ROD RADIUS

r, in.
4.06004€E-00
1.60656E-01
5.06040E-01
1.60656£~-00
5.08040E-00
1.98089E~01
6.26412€-01

1.98089¢-00

2.41675E-01

DAMPER WT
W, Ib

4.74514E 03

B.47550E-00 3.69766E-00 5.40092€-01

8.47550€ Ol
8447550k 02

8.47550€ 03

1.45430E 01 _6.24610E-00 1.02539E-00_

1.45430E 02

1.45430E 03

2+42399E 01

7.64244E-01 2.42399FE 02

1.00000E-03 _ 2.41675t-00

1.00000E-02

1.00000E=G4

1.00000E-03

8400.

8400,

1.00Q00€-02
1.00000E-05
"1.00000E-04

1.00000£-03

8400.

1.00000E-02

9006.

9000.

1.00000E-D5

1.00000E-04

9000.

900C.

1.00000€E-03

1.00000E-02

T.64244£-00

2399L

2.

2.42399E 04

" 1.00000E-05 2.92747€-01 3.96024c Ol

03_.

HALF ROD WT
Wg, 1b

2.09913E 03

3.69766E 01

3.69766E 02

3.69766E 03

6.24610E 01

6.24610E 02 1.02539E 02 2.23678E

1.02269E 01

1.89302E-00

TIP MASS WT MAX INRT MO
wr, Ib 'd(mcx)llb'in'z
2.73438E 02 4.48305E 10
1.03354k 08
5.40092E-00 _ 1.03354E 09
5.40092E 01 1.03354E 10
" 5.40092E 02 1.03354E 11
2.23678E 08
1.02539E 01 2.23678E 09

10

. 1.00000E-02 6.26412E-00_ 1.45430t_04 6.24610E 03 1.02539E 03 2.23678E 11

4.61798E 08

1.02269E 02 1.89302E 01 4.61798E 09

_1.02269E 03 1.89302E_02 4.61798E 10

1.02269E 04

1.89302E 03

4.61798k 11

9.25746E-01 3.96024E 02 1.63702€ 02 3.43099FE 01 9.21265E 09
2.9274TE-00 3.96024t 03 1.63702E 03 3.43099E 02 9.21265E 10
"T1.00000E-02 9.25746E-00 3.96024E 04 1.63702E 04 3.43099E 03 9.21265E 11
_3.53129E-01 _6.39232F Ol _2,58047€ 01 6.15689E-00 1.79541E 09 _
1.11669E-00 6.39232E 02 2.58047€ 02 6.15689E 01 1.79541E 10
.53129E-00 6.39232t 03 2.58047E 03 6.15689E 02 1.79541¢ 11
1.11669E 01 6.39232E 04_ 2.58047E 04 6.15689E 03 1.79541E 12
4.25385E-01 1.02708E 02 4.03256F 01 1.10286E 01 3.45256E 09
1.364519E-00 1.02708E 03 4.03256E 02 1.10286E 02 3.45256E 10
 4.25385E-00  1.02708E 04 4.03256E 03 1.10286E 03 3.45256E 11
1.34519E 01 1.02708E 05 4.03256E 04 1.10286E 04 3.45256E 12
"5.13218E-01 1.65556E 02 6.28903E 01 1.98879E 01 6.61663E 09
1.62294E-00 1.65556E 03 6.28903E 02 1.98879E 02 6.61663E 10
5.13218E-00 1.65556E 04 6.28903E 03 1.98879E 03 6.61663E 11
T1.62294E 01 1.65556E 05 6.28903E 04 1.98879E 04 6.61663E 12

203



204

Damper wt, (Wp + F)/2, 1b

APPENDIX H
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Condition: solar heating plus tumbling about PV yd
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Figure H4. - Damper boom weight versus boom half-length for maximum
mid-point moment of inertia for case 2.
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Figure H5. - Optimum mid-point mass moment of inertia of damper boom versus boom half-length - tumbling at 5w
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Figure H6. - Maximum moment of inertia of damper boom about its mid-point for case 2.
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